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Calcium carbonate (CaCO3) is one of the most abundant and important biominerals in nature. 
It has been investigated extensively in recent years for various fundamental properties and 
technological applications, due to its biocompatibility, biodegradability and nontoxicity. 
This thesis aims at synthesizing new forms of CaCO3 with unique architectures inspired by 
nature, investigating their growth mechanisms, testing their functional properties and 
exploring related applications.  
In this thesis, there are seven chapters. Firstly, inspired by the basic wall structures of cells, a 
protein-assisted approach to synthesize CaCO3 into a double-shelled structural configuration 
has been reported. The CaCO3 microcapsules exhibit different sorption capacities and various 
resultant structures toward different kinds of heavy metal ions, analogical to biologically 
controlled mineralization (BCM) processes, due to the different reactivities of outer and inner 
shells. Quite surprisingly, three mineralization modes resembling those found in BCM have 
been revealed with this bacterium-like CaCO3. The investigation on the cytotoxicity (MTT 
assay protocol) also indicates that the CaCO3 microcapsules almost have no cytotoxicity to 
HepG2 cells, and they may be useable for future application of detoxifying heavy metal ions 
after further studies. 
Secondly, after learning from the periodic "bricks and mortar" arrangement of nacre, which is 
crucial to the outstanding mechanical properties of shells, artificial nacre has been produced. 
In the first step, a solution-based method has been developed to prepare CaCO3 nanotablets, 
which serve as a genuine building analogue to nacre. Using an effective vacuum 
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evaporation-induced self-assembly method, films and monoliths with tunable composition 
and mechanical properties have been fabricated. Moreover, mechanical property tests showed 
that the nacre-like structure led to the high performance mechanical properties of the film.  
Thirdly, terrestrial isopods, which molt frequently and utilize amorphous calcium carbonate 
(ACC) deposition and resorption processes to prevent the excessive loss of Ca
2+
 ions when 
the old cuticle is shed, are a suitable model for studying the calcium-transport and regulation 
of biomineralization processes. This provides the inspiration for our research. A purely 
chemical method has been used to closely simulate this process, including the formation and 
degradation of ACC on a special substrate. Unlike the normal morphology of synthetic ACC, 
such as particles, spheres or films, the ACC micro-hemispheres have been produced, 
supported by a calcium-rich substrate in one swift step and their morphology could be 
controlled by changing reaction temperatures and the surface properties of the substrate. 
During the formation, the properties of the substrate and the temperature play key roles in the 
obtained ACC structures, by influencing the way the aggregation occurs and the concentration 
gradient of ACC clusters. Moreover, the degradation and crystallization process has also been 
investigated. Since the formation, growth and degradation of ACC hemispheres happen on the 
top of the Ca-containing substrate with polymers on the surface, this work is a proper 
mimicry of the biomineralization happening in the molting process of terrestrial isopods. 
Finally, we have reported asymmetric coiled structures of CaCO3 growing at the interface 
between water and oil, by CO2 diffusion through a non-classical crystallization pathway. The 
coiled structures can be controlled by simple parameters, such as the concentrations of solutes 
and the reaction time. A typical worm-like morphology for spinodal decomposition 
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mechanism proposed for ACC formation has been observed, and the growth process and 
coiling mechanisms have been discussed. This concludes that complex structures can be 
formed by the uphill diffusion, imbalanced attachment of amorphous clusters and the 
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CHAPTER 1   
INTRODUCTION 
1.1 Overview 
“Study nature, love nature, stay close to nature. It will never fail you.” When Frank Lloyd 
Wright said this, he probably referred to architecture. However, this sentence is also perfectly 
suited to describe bio-inspired and biomimetic materials research, which takes inspiration 
from nature to solve human problems. Some smart structures and materials with different 
functions in nature have already served as the sources of bio-inspiration for materials 
researchers. For example, learning from the superhydrophobic surface of lotus leaves, 
self-cleaning surfaces have been produced; inspired by the special pattern of a gecko’s feet, 
magic tapes and glue with high adhesive force have been invented; investigating the 
mysterious colors of a butterfly’s wings, dresses with vibrant color have been made, which 
will never fade. Besides such successful examples, much more opportunities are provided by 
nature, waiting for scientists to discover and learn. In addition, biological molecules and 
organisms have developed advanced mechanisms for various functions. For instance, living 
organisms produce minerals, to fulfill tasks, such as protection, strengthening and hardening, 
which is called biomineralization. Those biominerals have the most appropriate compositions, 
phase types, shapes, and microstructures to achieve their functions perfectly. Investigating the 
principles and concepts of biomineralization and their applications in bio-inspired material 
chemistry will provide an excellent reference for the fundamental research in biology, 
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evolution, materials science as well as chemistry, and serve as a source for the development 
of new functional materials and systems. 









 so the biomineralization phenomenon is widespread. During 
the process, living organisms highly control biominerals or bio-composites from the 
molecular level to the macroscopic level, producing functional structures,
5-8
 most of which are 
complex and difficult to replicate artificially. In the late 1980s to 1990s,
9-11
 some books on 
biominerals emerged and more additions have been added to this group gradually.
12
 Studies in 
this area include the discovery and characterization of biominerals, the investigation of 
biomineralization mechanisms, the bio-inspired and biomimetic synthesis of materials, 
assembly and applications as well as crystallization pathway studies in vivo and in vitro,
13
 
which can be divided into two groups according to the object of studies. The first one is the 
biomineralization process, which occurs in a real biological system, including discovering 
various biominerals,
14,15
 investigating what truly happens in living organisms
16,17
, studying the 
interaction between biomolecules and minerals,
18,19
 and looking for the relationships between 
unique structures and specific functions.
20
 Such fundamental research is the basis of 
engineering applications. The second aspect is to explore what we can grow in the laboratory 
from the angle of materials science and engineering, such as obtaining inspiration to fabricate 
new materials, and simulating functional bio-structures.
21,22
 To produce these kinds of 
materials and systems is the aim of fundamental biomineralization research.  
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1.2 Objectives and Scope 
The main goal of bio-inspired and biomimetic materials research is for materials science 
researchers and engineers to gain information on bio-systems and apply the knowledge to 
other synthetic systems, to regulate crystallization processes for further materials applications. 
Calcium carbonate (CaCO3) is one of the most abundant and important biominerals in nature, 
which is the main substance of seashells, corals, crab shells, pearls etc., acting as structural 
material to protecting living organisms.
23,24
 The crucial role of biomineralization, its 
applications for the industry, the growth mechanisms of biominerals and its various synthetic 
methods have been extensively investigated in recent years.
13,25-29 
  
Although considerable progress has been made in the past half century, there are still many 
challenges in this field. For example, the architecture of nacre, which is found in pearls and 
sea shells, is “brick and mortar” structure composed of single-crystalline aragonite CaCO3 
tablets and polymer layers which act as mortar to glue the CaCO3 bricks together.
30
 This 
periodic arrangement plays a vital role in the outstanding mechanical properties of nacre.
31
 
There are a large number of studies related to the biomimetic preparation of nacre-like 
structures using different building blocks, but the exact simulation is rare, due to the difficulty 
of obtaining proper CaCO3 building blocks.  
Besides such hierarchical assembly of biomineral building blocks, large CaCO3 crystals with 
complex morphology are also drawing great attention,
32-34
 since it seems that living organisms 
always can control the morphology of biominerals according to functional requirements. 
However, it is extremely difficult for researchers to simulate such bio-systems in the lab 
without any hard template because those complex shapes are clearly not the equilibrium 
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morphology of single crystals. From this angle, to grow complex structures and to investigate 
their growth mechanisms can provide appropriate references for biomineralization research, 
and it is also desirable for future applications.  
Therefore, this thesis aims at synthesizing new forms of CaCO3 with unique architectures 
inspired by nature, investigating their growth mechanisms, testing their functional properties 
and exploring related applications. A number of complex novel structures of CaCO3 have 
been made through this study, including double-shelled microcapsules, single-crystalline 
nanotablets, amorphous calcium carbonate (ACC) hemispheres and spiral coils etc. The 
structures have been prepared via various synthetic methods such as hydrothermal reaction, 
electrodeposition and interfacial crystal growth. Moreover, the formation mechanisms have 
also been investigated, and potential applications have been explored with respect to 
improved mechanical properties and chemical functionalities for this important biomineral. 
1.3 Structure of the Thesis 
In chapter 2, a brief review is presented on the background and progress in the field of 
biomineralization and biominerals, different synthetic methods and morphology control of 
CaCO3, research on ACC and its non-classical nucleation pathway as well as the biomimetic 
synthesis of different hierarchical structures. Chapter 3 focuses on a protein-assisted synthetic 
method and the formation mechanisms of bacterium-like CaCO3 double-shelled 
microcapsules, which can be applied for detoxifying heavy metal ions. Successively, chapter 
4 describes the entire fabrication process of artificial nacres including the synthesis of CaCO3 
bricks and their assembly into nacreous film, which closely mimics real nacre, not only in 
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structure, but also in composition and strength enhancement modes. Chapter 5 introduces 
stable ACC hemispheres growing on a calcium-rich substrate, which can simulate the 
morphology and process of calcium-transport and deposition phenomenon in terrestrial 
isopods. Chapter 6 presents a CaCO3 asymmetric coiled structure growing at water/oil 
interface. The growth process monitoring and materials characterization provide much 
evidence that the complex structures have been formed via amorphous precursor transition 
pathways. Finally, an overall conclusion, based on chapters 2-6, and some suggestions for 
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CHAPTER 2   
LITERATURE REVIEW 
In this chapter, several studies related to the morphological control and formation mechanisms 
of some important biominerals, especially calcium carbonate (CaCO3), will be reviewed, in 
both biological systems and synthetic systems. Firstly, the concept and basic principles of 
biomineralization will be introduced, followed by the introduction of some common 
biominerals. Furthermore, various morphological control methods of CaCO3 formation will 
be shown. Then the crucial roles of amorphous calcium carbonate (ACC) phase will be 
demonstrated by introducing related works, such as formation mechanism analysis, transition 
process and stabilization studies. Last but not least, several examples of hierarchical 
structures with extremely good mechanical properties will be illustrated, followed by the 
introduction of biomimetic synthesis studies. 
2.1 Overview of Biomineralization 
2.1.1 Definition of Biomineralization 
In nature, living organisms produce minerals, to fulfill specific tasks, such as protection, 
strengthening and hardening, the process of which is called biomineralization.
1-5
 Over sixty 
minerals have been discovered so this phenomenon is widespread. During the 
biomineralization process, living organisms produce highly controlled biominerals or 
bio-composites from the molecular level to the macroscopic level, creating functional 
structures,
6-16
 most of which are complex and difficult to replicate artificially.
6,17,18
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Understanding the mechanisms of biomineralization is of great importance not only for 
biology and evolution research, but also for chemistry and materials science, since 
biominerals provide incredible functional properties, and have potential applications. 
2.1.2 Biominerals 










Calcium carbonate (CaCO3) is one of the most abundant and important biominerals in nature, 
which is the main substance of seashells, corals, crab shells, pearls etc. It usually fulfills 
specific tasks, such as protection, strengthening and calcium storage.
10,20,31-37
 Its growth 
mechanisms and various synthetic methods have been extensively investigated in recent 
years,
19,38-43
 due to its interesting nucleation and crystallization process, crucial roles in 
biomineralizaiton, and beneficial applications for industry. For example, nacre, which is 
found in pearls and sea shells, is a layer composed of approximately 95wt% CaCO3 and 
nearly 5wt% biopolymer.
44,45
 In this structure, single aragonite CaCO3 tablets act like bricks, 
and polymer layers act as mortar to glue the CaCO3 bricks together. The periodic arrangement 
of bricks and mortar plays a prominent role in its outstanding mechanical properties.
46-48
  
Besides such hierarchical arrangement of biominerals and biopolymers, which gives rise to 
extremely good mechanical properties, large CaCO3 crystals with complex morphology also 
draw great attention.
2,49,50
 Take sea urchin spines for instance,
51
 they are made up of very large 
porous Mg-rich calcite single crystals (around 10 cm in length) with high strength. It is 
extremely difficult for researchers to simulate such 3D porous single crystals in the lab 
Chapter 2 Literature Review 
12 
 
without any hard template, since this complex morphology is obviously not equilibrium shape 
of single crystals. However, living organisms seem to have the ability to tune the morphology 
of biominerals to what they need them to be. It is particularly interesting to investigate the 
growth mechanisms of biominerals. Moreover, calcium carbonate, especially amorphous 
calcium carbonate (ACC), has other significant roles besides structural functions. It has been 
reported that terrestrial isopods,
52-54
 such as Porcellio scaber, change their cuticles through 
epithelial calcium-transport and biomineralization processes to prevent the excessive loss of 
Ca
2+
 when the old cuticles are shed, which is of fundamental biological importance. During 
this process, ACC deposits within the ecdysial gap on the old cuticle containing organic 
matrix to store Ca
2+
. After the molt, the deposits are quickly resorbed to mineralize a new 
cuticle. The higher solubility of ACC plays an important role in the deposit formation and 
dissolution, especially for terrestrial isopods, which cannot take up large amounts of Ca
2+
 
from seawater like marine crustaceans. 
Silica is one of the most common minerals in the formation of rocks. Large, clear crystals can 
be found in some locations, and small particles like sand are almost everywhere. Amorphous 
silica (opal) is one notable biomineral, which has strong mechanical properties for structural 
purposes,
55
 and is found in many plants and animals. It is usually hydrated, which contains 3% 
to 21% weight of water in living forms. Unlike CaCO3 crystals with large sizes, usually the 
size of opal minerals is relatively small, as they are produced by single-celled organisms. 
Though this bio-glass is brittle, small size determines their much stronger properties so they 
are sometimes found distributed in large tissues as reinforcement.
20
 
Bioapatite is considered to be the main inorganic substance of vertebrate bones and teeth. 
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Bone is rigid, extremely tough and light-weight material due to its hierarchical architecture 
which is a composite of collagen fibrils and oriented apatite crystals. Collagen fibrils form a 
scaffold and apatite crystals, such as hydroxyapatite, arrange orderly and uniaxially along the 
c-axis, which is organized along the long axis of the fibril. The mineralization process of 
apatite crystals has been widely investigated. It is believed that highly acidic non-collageous 
proteins can control the growth of apatite crystals, which transit from an amorphous phase 
and then grow.
56
 Recently, the role of the collagen matrix has been investigated, which shows 
that in the structures, the supramolecular assembly and charge distribution of the collagen can 
control the mineralization in the presence of the inhibitors of hydroxyapatite nucleation.
57
  
2.2 Review of Calcium Carbonate Crystal Studies 
2.2.1 Phases Types of Calcium Carbonate Crystals 
There are six phases of CaCO3, including calcite, vaterite, aragonite which are anhydrous 
crystalline polymorphs, and amorphous calcium carbonate (ACC), crystalline monohydrate 
CaCO3, and hexahydrate CaCO3, which may contain water. 
Calcite, which is the most stable phase of CaCO3, is found in the forms of rocks and 
biominerals in nature.
58
 It usually acts as structural material in bio-systems, found in shells, 
corals and the skeletons of mollusks. 
Aragonite is less stable than calcite, and it can also be formed by biological and physical 
processes. One of the most common forms of aragonite in bio-systems is the inorganic 
substance of nacre, which has been found in almost all mollusk shells, some of which are 
built of pure aragonite and some of which are formed by both calcite and aragonite. In nacre, 
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single aragonite tablets with [001] crystallographic orientation are normal to the plane, acting 
like bricks, and biopolymer layers are like mortar to glue the tablets together. The periodic 
arrangement of bricks and mortar plays an important role in the outstanding mechanical 
properties of shells. Aragonite is metastable and is thus commonly replaced by calcite in 
fossils, but the transition is very slow in mild conditions.  
Vaterite is less stable than calcite and aragonite, and it has a higher solubility.
59
 Sometimes, 
vaterite recrystallizes to calcite or aragonite in water solutions or directly transits to either of 
them.
60-62
 Though it is thermodynamically unstable, vaterite can be produced and stabilized 
for a long time at a fast reaction rate or with the assistance of some additives. 
Excluding high-temperature and high-pressure forms, calcite, aragonite and vaterite are the 
three most common crystalline phases synthesized in the lab or found in nature. In addition, 
monohydrocalcite, which is unstable, is formed by a limited number of organisms and 
calcium carbonate hexahydrate has not been found in biological systems. Reports of these two 
phases being produced are very rare. 
2.2.2 Morphological Control of Calcium Carbonate Crystals 
The nucleation and crystallization of CaCO3 with or without assistance of template or ligand 
molecules have been investigated extensively in recent years, because of its biological and 
technological importance. In this section, different additives and synthetic methods for the 
morphological control of CaCO3 single and poly crystals will be discussed. 
2.2.2.1 Inorganic Ions 
In natural water, magnesium is a crucial modifier of CaCO3 morphology.
63,64
 Calcite 
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biominerals sometimes have magnesium within their lattice, and the proportion of magnesium 
is usually present at around 20wt%.
65,66
 The role of Mg
2+
 as an impurity in calcite growth has 
been investigated. A clear physical understanding of magnesium modifying mechanisms has 
been provided by atomic force microscopy (AFM) observation at molecular-scales.
67
 It has 
been demonstrated that the magnesium incorporation inhibits calcite growth by enhancing the 
mineral solubility, which changes the equilibrium thermodynamics of the new growth surface. 
Moreover, the influence of magnesium on the morphology of calcite has been investigated 
through the observations of CaCO3 structures, precipitated from the saturated solutions of 
calcium bicarbonate containing Mg
2+
 and organic additives.
68
 Different calcite morphologies 
have been obtained by changing the concentration of Mg and organic additives, and they 
transited from single crystals to aggregates when the concentration of Mg increased. For the 
single crystals, rounded faces and edges have been observed with 10% MgCO3 incorporated 
in calcite. For the polycrystalline aggregates, the morphology varied from dumbbells to 
spheres with 22% MgCO3.  
It has also been reported that the transition from calcite to aragonite may occur when Mg 
concentration is high enough.
69,70
 Phosphate has been reported to adsorb on the specific faces 
of CaCO3.
71,72
 It has been reported that the formation of calcite is favorable in the presence of 
phosphate ions, which are easier to adsorb on suspended aragonite than on suspended calcite. 
Moreover, the effects of lithium ions, chromium ions and fluoride ions etc. on CaCO3 
morphology have also been investigated.
73-75
 For instance, the presence of Li
+
 can change 
calcite crystal morphology from the dominant {01-11} rhombohedron at lower concentrations 
to the dominant {0001} form at higher concentrations.
73
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2.2.2.2 Organic Molecules with Low Molecular Mass 
The face-selective adsorption by low-molecular-weight organic additives can change the 
morphology of crystals effectively, since such adsorption can inhibit or slow down the growth 
of specific faces. Carboxylates are often used for the morphological control of CaCO3 by 
binding to the Ca
2+
, due to the similarity of carboxyl groups and carbonate groups. For 
example, malic acid can adsorb onto the {001} faces of calcite, allowing c-axis elongated 
calcite single crystals to be obtained. If the concentration of the malic acid is higher, crystals 
can be more elongated.
68
 According to the same principle, ethylenediaminetetraacetic acid 
(EDTA) can also lead to c-axis elongated calcite single crystals with {104} caps by the 
selective low-molecular-mass additive adsorption.
76
 Moreover, acrylic acid, tartaric acid, 
malic acid, maleic acid, citric acid and succinic acid have been used to investigate the effect 
of carboxyl groups on the CaCO3 crystallization process, including the nucleation stage as 
well as the growth stage, using an unseeded pH-drift method.
77
 The study has indicated that 
the crystal growth has been reduced by the adsorption of carboxyl groups, but the nucleation 
process has not been influenced, which can be explained by the fact that the connection of 
carboxylic acids to CaCO3 was stronger than that of free Ca
2+
. 
Besides negatively charged carboxyl groups, positively charged groups can also control the 
morphology of CaCO3 crystals by the selective adsorption. It has been reported that (001) 
vaterite faces can be stabilized by adsorbed ammonium ions,
78
 which is analogous to the 
interaction between -N
+
(CH3)3 of hexadecyltrimethylammoniumbromide (CTAB) and CaCO3. 
In those studies, the negatively charged (001) surface of vaterite becomes dominant in the 
presence of the positively charged -N
+
(CH3), and well-stacked hexagonal flakes or uniform 
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hexagonal plates morphology have been obtained by the stabilization and inhibition of the 
growth along the [001] direction.
79,80
 
Chiral surface textures can be obtained with highly selective chiral additive adsorption. For 
instance,
81
 by using right-handed and left-handed aspartic acid, the cubic equilibrium 
morphology of calcite crystal forming in a pure solution has been changed. In addition, the 
left-right shape dependence has been shown, corresponding to that of the additives. Observed 
by atomic force microscopy (AFM), it has been illustrated that the symmetry of the calcite 
glide plane has been broken and exhibited chirality depending on the chirality of the aspartic 
acid. This can be explained by the fact that the adsorption of chiral aspartic acid can change 
the step-edge energy during the crystal growth. Furthermore, when the additives were 
changed from L-aspartic acid to D-aspartic acid during the crystal growth process, the new 
step directions could be changed. 
2.2.2.3 Polymers 
There are many studies on the morphological control of single crystals by polymers, via 
face-selective binding mechanisms. The principles behind it are almost similar to that of 
low-molecular-weight additives. It has been reported that double hydrophilic block 
copolymers (DHBC) are effective for the stabilization of specific planes by adsorbing onto 
certain crystal faces, since the binding and interacting blocks are separated in such kinds of 
polymer molecules.
82,83
 In addition, DHBCs can stabilize particles, which is difficult to 
achieve with small organic molecules. Compared with other long polymers, DHBCs have 
higher specific face selectivity, and it sometimes can cover several crystal faces instead of the 
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selectively adsorbing. As a result, DHBCs can combine the advantage of both small organic 
molecules and polymers, which can be used for CaCO3 morphology control successfully, 
acting as efficient builders for the calcium-binding and precipitation inhibition of 
CaCO3.
42,84,85
 For instance, it has been reported that small block copolymers, which consist a 
hydrophilic poly (ethylene glycol) block and a second hydrophilic moiety, have been 
employed as the templates for CaCO3 precipitation. By using different types of polymeric 
functionalization patterns, vaterite and calcite can be produced respectively. In addition, the 
shape can be tuned from monodisperse spherical particles to hollow spheres.
86
 DHBCs can 
also be incorporated with surfactants to influence morphology together.
87
 In this work, 
DHBCs and surfactants have formed complex micelles as the templates and the rest of free 
DHBCs acted as the inhibitors of CaCO3 growth. Calcite hollow spheres, pine-cone shaped 
particles and vaterite discs have been synthesized. 
Different biopolymers, which contain carboxylic acid or sulfate groups, have been used to 
control the crystallization of CaCO3.
88
 Instead of single calcite rhombohedra formation 
without biopolymers, “stack-like” rhombohedra aggregates were formed in the presence of 
xanthan and gellan. When the additives were changed to gelling biopolymers, such as pectin 
and sodium alginate, the aggregates changed to “rosette-like”.  
Chitin is believed to play an important role in the formation of CaCO3 biominerals, especially 
the organic-inorganic structures of shells. The effect of chitin has been investigated by 
modifying insoluble chitin to water-soluble macromolecule-carboxymethyl chitosan and 
dissolving it into water to control CaCO3 morphology.
89
 The phase of the precipitates is calcite, 
and the morphology changed from regular rhombohedra to spherical particles, and 
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subsequently to peanut-shaped crystals, when the concentration of the soluble chitosan was 
enhanced gradually. 
CaCO3 biominerals usually crystallize in the presence of proteins so some proteins directly 
extracted from living organisms have been used to control the crystallization of synthetic 
CaCO3. For example, a calcium-binding soluble protein, which was extracted from oyster 
shells, has been used to control the nucleation and crystal growth of CaCO3.
90
 It has been 
discovered that the CaCO3 nucleation was suppressed, and the growth rate was decreased. 
Furthermore, it also has been reported that soluble mollusk-shell proteins can not only control 
the crystallization process but also control the phase type of crystals.
16
 In the presence of 
soluble polyanionic proteins extracted from abalone shells, both calcite and aragonite can be 
obtained. In addition, the morphology can also be controlled by other proteins, which include 
proteins extract from shells, the soluble matrix of eggshell extracts and collagen etc.
91-93
 
2.2.2.4 2D Templates 
Langmuir monolayers and self-assembled monolayers (SAMs) have been used as 2D 
templates for the precipitation of CaCO3, which has been demonstrated to modulate the 
morphology and orientation of crystals.
94-99
 It has been reported that under different fatty acid 
Langmuir monolayers, the morphologies of CaCO3 varied, due to the changes in the 
monolayer structures as a function of chain length, which was observed by Brewster angle 
microscopy.
94
 The chain length of the monolayers increased from palmitic acid (C 16) to 
triacontanoic acid (C 30), and induction times increased due to the lower diffusion rates of 
carbon dioxide through thicker monolayers. Regular triangular calcite crystals have been 
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observed under triacontanoic acid monolayers, but a large amount of aragonite, vaterite and 
nonoriented calcite have been found when palmitic acid films were used as the 2D templates.  
On the other hand, the influence of various SAMs on the crystallization, phase transition and 
morphology of CaCO3 has been widely investigated. For instance,
100
 SAMs of ω-terminated 









 and CH3, have been used to control the oriented nucleation 
of calcite. According to the direct observation by scanning electron microscope (SEM) as well 







 and OH groups were active in inducing the nucleation, 
whereas the SAMs terminating in N(CH3)3
+
 and CH3 inhibited the nucleation, compared to the 
bare metal films. In addition, the orientations of the crystals were different on different SAMs, 
but they were highly homogeneous for each one.  
2.2.2.5 3D Templates 
CaCO3 biominerals sometimes have complex 3D structures, and some of them are single 
crystalline. Researchers have done laudable work in simulating such structures, most of which 
have good mechanical properties or high porosity. To copy such structures, 3D templates 
seem to be essential. One common way is to use mono-dispersed colloidal spheres to generate 
3D close-packed assemblies as a template for the 3D ordered macroporous material 
fabrication. A telling example is that mono-dispersed poly-(styrene-methyl 
mechacrylate-acrylic acid) (P(St-MMA-AA)) colloidal spheres which are 450 nm in diameter, 
were assembled into 3D colloidal crystals on a membrane, followed by the deposition and 





 After subsequent drying, template dissolving, and calcination 
treatment process, complex calcite single crystals have been obtained. Except for such 
self-producing templates, some bio-structures can be directly used as 3D templates to 
replicate the complex morphology, which is difficult to copy.  
Sea urchin skeletal plates are unique structures with significantly large length scales. Using 
them as bio-templates, various materials with porous structures can be produced, including 
gold, titania and copper etc.
43
 If a polymer membrane was taken as a replica of a sea urchin 
skeletal plate, it could be used as a template for producing single-crystalline calcite crystals.
102
 
The morphology of the products has copied the structure of the original sea urchin skeletal 
plate perfectly. It should be mentioned that the preparation of CaCO3 large crystals with 
complex morphology is usually done via amorphous precursor transition pathway instead of 
classical crystal growth, since the shapes of amorphous CaCO3 can be easily tuned and 
perfectly replicate the morphology of templates. Then the amorphous phase can transit to 
crystalline phase without changing the complex morphology.
99,103,104
 
2.2.2.6 Crystallization in Gels, Micellar and Microemusion Systems 
The structure of gel is a network with variable pore sizes, which can be adjusted according to 
the cross-linking density and crystallization in gels. The use of gel is a traditional technique to 
form large, high-quality single crystals.
43
 On the other hand, mesocrystals can also be formed 
when the supersaturation is high, since in this case, small particles are easily obtained and 
then attach to form mesocrystals. For example, well-defined 8-armed star calcite single 
crystals have been prepared in agarose gels. The growth process has been investigated, which 
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indicates that the central points of six {104} faces grew much slower than the eight points of 
the calcite rhombohedron, leading to the unique 8-armed star structure.
105
 
Nanoparticles of defined sizes can be produced in micellar and microemulsion systems due to 
their good capability to control the nucleation and growth of crystals, the morphology and 
size of which are defined by the confines of the template and the dimensions of the organic 
aggregates.
106
 Take one microemulsions and reverse micelle mixture system for example,
107
 
sodium carbonate-containing NaAOT microemulsions (ω=[H2O]/[surfactant]=40) were added 
into reverse micelles of calcium dodecylbenzenesulfonate under high pH condition (pH=11) 
and it formed a clear solution at first and turned into precipitates afterwards. The precipitation 
has been observed by SEM, which shows that the obtained structure is stacked arrays of 20 
nm-thick plate-like crystals with pseudo-hexagonal morphology. One individual plate is a 
calcite single crystal. In addition, the growth mechanisms have been explained, which is 
solution-mediated primary nucleation rather than mesoscale transition within the colloidal 
aggregates of ACC nanoparticles. 
2.3 Review of Amorphous Calcium Carbonate (ACC) Studies 
2.3.1 Overview of ACC 
In recent years, there has been more and more evidence showing the essential role of ACC in 
the crystallization and biomineralization of CaCO3. These roles were underestimated in the 
past, since ACC is easily overlooked using diffraction techniques, and it is sometimes highly 
unstable and combines into other CaCO3 crystals in bio-systems. Nowadays, however, much 
work has been done which has unveiled the mysterious face of ACC, though some formation 
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mechanisms are still at the hypothesis level. 
ACC can be divided into stable form and transient form, both of which can be biologically or 
synthetically produced. From the perspective of crystallography, it has been reported that 
sometimes before CaCO3 crystals are produced, ACC firstly appears in the system and then 
changes into CaCO3 crystals. In this case, ACC is a significant transition phase during the 
growth process. The mechanisms of this kind of non-classical nucleation and transition 
process have been investigated by simulations and experiments.
108-110
 On the other hand, 
stable ACC has also drawn the interest of researchers for its unusually long lifetime and 
stability. In this topic, researchers mainly focus on the methods and mechanisms of ACC 
stabilization. 
Stable ACC has been discovered in many biological systems as a structural element.
20
 It 
remains stable and acts as an important component of bio-structures, which plays an 
important role in the stiffness of the creatures. On the other hand, transient ACC has also been 
discovered in nature.
32,50,111
 It has been reported that when controlled by a certain protein, 
ACC could transit to calcite or aragonite phase, which has ordered structures or large sizes 
with complicated morphology. Studying the stabilization and transition mechanisms of ACC 
in bio-systems can play a guiding role and provide reliable reference on biomineralization and 
biomimetic synthesis research. 
ACC is a fascinating phase of CaCO3, which draws the interests of people from both materials 
science and biomineralization fields. This section will focus on the non-classical nucleation, 
stabilization, and transition of ACC to other crystalline phases. Then the function and crucial 
roles of ACC in biomineralization will also be shown.  
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2.3.2 ACC Nucleation and Subsequent Crystal Growth 
In classical nucleation theory, monomers aggregate together and form clusters. These clusters 
need to overcome a barrier, caused by the increasing surface energy of forming 
crystal-solvent interface. After growing larger than the critical size, they become stable, and 
the growth happens. One of the very important reasons for ACC drawing so much attention 
these years is that the classical nucleation theory is not suitable any more for explaining some 
of the nucleation phenomena of CaCO3.  
2.3.2.1 Homogenous Nucleation  
The study of the formation of CaCO3 at high supersaturation was carried out by rapid mixing 
of CaCl2 and Na2CO3 in the presence of double-hydrophilic block copolymer to simulate 
biomineralization environment.
42
 It has been observed that emulsion-like structures were 
formed and this triggered speculations about a spinodal phase separation between a denser 
and a less dense phase. A liquid-liquid binodal phase separation mechanism has been reported, 
for the formation of ACC by the reaction of CaCl2 with homogeneously released CO2.
39
 The 
study, however, did not have enough evidence to support the existence of the proposed 
emulsion-like early stages.  
There are some limitations of these experiments. For instance, the proposed theory could not 
be demonstrated by monitoring. Besides, the stirring and mixing process could not guarantee 
the homogenous supersaturation in the system. Moreover, one of the greatest difficulties in 
studying homogenous nucleation process, is avoiding heterogeneous nucleation; however, 
foreign bodies, such as liquid/liquid interface, liquid/gas interface caused by stirring, the 
Chapter 2 Literature Review 
25 
 
surface of container, dusts and other nanoparticles and macromolecules were almost 
unavoidable during such experiments. They would influence the particle size distribution of 
the product by inducing the heterogeneous nucleation.  
One work should be mentioned in this area, which utilized a proper technique to efficiently 
reduce the possibility of heterogeneous nucleation.
112
 In this study, acoustic levitation 
techniques were used, which provided a contact-free crystallization of levitated liquid 
samples using a standing acoustic wave. The process was monitored by synchrotron X-ray 
scattering techniques. The nucleation of ACC was carried out by slowly evaporating 
Ca(HCO3)2 solution. At the beginning of the reaction, ACC was the first CaCO3 phase that 
appeared in the water droplet. In this work, it was determined that the nucleation of ACC had 
initiated from the inside of the droplet by homogenous nucleation, rather than at the interface 
of water/air by heterogeneous nucleation. This report demonstrates that ACC first appears in 
this system through a liquid-liquid phase separation process homogeneously, by 
diffusion-controlled precipitation, without any stabilizing reagent. 
2.3.2.2 Heterogeneous Nucleation 
The quantity of reports related to heterogeneous nucleation research in ACC, such as the 
nucleation of CaCO3 under Langmuir monolayers and different kinds of substrates, is much 
larger than that on homogenous nucleation research.  
It has been reported that cryogenic transmission electron microscopy (Cryo-TEM) can be 
used to investigate the formation of CaCO3 at the early stage under Langmuir monolayers 
using Ca(HCO3)2 solution.
110
 In classical nucleation theory, it is considered that when clusters 
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reach the critical size, the crystallization will occur; however, it has been observed by high 
resolution Cryo-TEM that prenucleation clusters were formed at the beginning of 
template-directed CaCO3 formation, and they aggregated and led to amorphous nanoparticles 
nucleation. After that, the nanoparticles assembled at the monolayer and changed from ACC 
to polycrystalline phase and then to single crystalline phase. 
The initial growth process of CaCO3 on hydrophilic and hydrophobic substrates was 
investigated by AFM.
113
 In this case, a classical heterogeneous nucleation model was used to 
describe the surface crystallization on mica and highly oriented pyrolytic graphite (HOPG). 
They found that the formation energy required for the nucleation on the HOPG surface was 
40 times higher than that on the mica surface, and possible model has been discussed. It was 
found that the contact angles between the ACC and the mica or HOPG surface were different, 
which led to the change in the ACC structure and the crystallization process. A possible model 
has been proposed. The hydrated cations tended to adsorb on the negatively charged mica 
surface rather than the HOPG surface, which meant the condition of the mica surface was 
favorable for the nucleation. For this study, some classical rules still could be used to explain 
some experimental phenomena. 
2.3.3 Transition of ACC to Other Crystalline Phases 
The crystallization of CaCO3 can occur substantially via a metastable state.
114
 During the 
process, the formation of ACC sometimes occurs initially, both in vitro and in vivo, followed 
by transition into crystalline phases, including calcite, vaterite and aragonite.  
It has been reported that ACC could be pre-synthesized and controlled, and thus could be 
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selectively transformed into either calcite or vaterite in vitro.
114
 The experiments were carried 
out firstly by preparing ACC precursors from the metastable solutions of mother phase at 
different pH values (proto-calcite ACC and proto-vaterite ACC respectively), followed by 
different crystallization operations. When the crystallization process was carried out by the 
transformation of ACC precursors in pure water, or CaCO3 buffer with different pH values, 
both calcite and vaterite were generated in various relative amounts. However, when the 
crystallization was carried out by fast heating the precursor to 350
o
C, only pure calcite was 
obtained, regardless of what kind of ACC was used. Pure vaterite could be obtained through 
magic angle spinning (MAS)-induced crystallization processes.  
The crystallization process can also be accomplished on self-assembled monolayers (SAM) as 
templates. A method has been developed to make ACC grow on the surface of 
mercaptophenol SAM, followed by crystallization operations.
115
 If the SAM-templated ACC 
was put under a longer time exposure to CO2, single-crystalline CaCO3 would form on the 
SAM, which consisted of 80% of calcite and 20% of vaterite. In another case, 
mercaptocarboxylic acid-functionalized template was brought into direct contact with ACC 
precursor, followed by the induction of a small amount of water between the two substrates to 
initiate the crystallization process, and pure calcite was produced on the substrate. This 
process was attributed to dissolution-recrystallization process, through which the single 
crystalline CaCO3 grew with the expense of the transient ACC phase.  
Two modes for the transition of ACC in air have been summarized, including 
dissolution-recrystallization process and solid-solid phase transition process, which depend on 
the relative humidity of the air and the temperature.
116
 At relatively low temperature, moisture 
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in the air promoted the dissolution of ACC, followed by the recrystallization process. When 
the temperature increased to a relatively high level, the influence of moisture in the air could 
be ignored; thus the main mechanism for the crystallization was based on solid-solid phase 
transition. For the former process, the driving force of the dissolution of ACC is its higher 
solubility, which is about 100 times of that for calcite. When a calcite crystal nucleus 
appeared, the supersaturation of the surrounding solution for the ACC would be decreased 
immediately, causing the undersaturated case. The solid-solid phase transformation was 
mainly determined by the rearrangement and realignment of the short-range ordered domains 
of the transient ACC. Such mechanism has also been observed in vivo.
35
 
2.3.4 Stabilization of ACC 
Preparation of stable ACC is of enormous interest because of their potential applications and 
effect on understanding biomineralization process. Many approaches have been developed to 
synthesize ACC, mostly in the presence of additives or templates, and they will be discussed 
in the following. 
Much research effort has been devoted into the preparation and stabilization of ACC on SAM 
templates or bio-templates. In the previous section, we have discussed the transition from 
ACC to single crystalline CaCO3 by introducing a drop of water to the ACC located between 
two SAMs.
115
 In that study, spherical ACC particles were observed on the Au-OH templates. 
If no water was added, the ACC between the two SAMs could be stored for several months 
without any changes. This study provided a convenient method for the preparation and 
stabilization of ACC. Furthermore, a bio-template can also be used to prepare ACC. 
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Noodle-like ACC was formed on a nacre surface, which could further be treated to convert to 
single crystalline CaCO3.
117




Additives can retard the precipitation of more stable phase by adsorbing onto the nascent 
nuclei of the crystallization; thus amorphous phase can stand for a relatively long time. Such 
additives can be divided into three categories: ions, macromolecules and surfactants. 
Magnesium ions and triphosphate ions are common ion additives for stabilizing ACC, and 
they can be incorporated with ACC to form a short-range structure.
35
 
Macromolecules, including biomolecules and synthetic polymers, are another kind of 
additives for ACC stabilization. For example, macromolecules extracted from biogenic ACC 
in the ascidian skeleton can induce the formation of stabilized ACC and/or inhibit the 
crystallization of ACC in vitro.
33
 Similar structures are obtainable with the introduction of 
poly (aspartic acid) (pAsp), which is widely used to stabilize ACC, producing a versatile 
“Polymer-Induced Liquid Precursor” phase. Synthetic polymers such as acid polysaccharide 
can also be used to prepare continuous ACC films. Poly (propylene imine) dendrimers 
modified with long alkyl chains could self-assemble on the surface of ACC, and stabilized it 
for 14 days in air without any mutation.
119
 During the process, a hydrophobic coat surrounded 
the surface of CaCO3 coat, which water could not pass through. As a result, small particles 
were isolated from the aqueous environment and the ACC was stabilized. 
2.3.5 Simulation Study of ACC Structures 
The growing process of ACC, especially the very early stage, is extraordinarily difficult to 
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observe in detail due to technique limitations. In this case, simulation is a very powerful tool 
for the structure derivation and thermodynamic calculations. Recently, it has been proposed 
that the structure of hydrous ACC can be described as a structure formed by a disordered 




Through dynamic simulations, it can be demonstrated that the nucleation of ACC follows a 
non-classical pathway.
108
 It has been reported that the incorporation of water can lower the 
free energy of ACC, which can always remain lower than the ions in solution, which means 
that the nucleation and early growth step of ACC is not nucleation limited. It can be 
demonstrated that, unlike in classical nucleation, with the increasing size of ACC, the free 
energy decreases without any nucleation barrier. The observation of the narrow distribution of 
the smaller clusters at the early growth stage in the experiment is consistent with this 
simulation result. 
2.3.6 Important Roles in Biomineralization of ACC 
2.3.6.1 ACC as Transient Precursors in Organism 
The biogenic ACC can be divided into two categories, transient ACC and stable ACC. Some 
of the calcite in organisms has been proven to be generated from transient ACC precursors. It 
has been reported that ACC first appeared in the system and then transited into calcite during 
the urchin larval spicule growth.
111
 A similar conclusion has also been obtained through the 
study of the calcite phase of another sea urchin larva species, Strongylocentrotus 
purpuratus.
50
 At the initial stage, only a small portion of such spicules were composed of the 
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single crystals of calcite, while the remainder were ACC, as confirmed by infrared 
spectroscopy (IR) and XRD.  
Besides calcite, ACC can also be a transient precursor for aragonite. The study was done by 
investigating the shell formation process of mollusk bivalve larvae.
32
 Two species, 
Mercenaria mercenaria and Crassostrea gigas, have been studied. The same conclusion was 
drawn: aragonite, as the stable crystalline phase of all bivalve larvae, was generated from the 
transient ACC precursor. Since mollusks and echinoderms were on two different branches of 
the phylogenetic tree of animals, the conclusions above can indicate that it is common for 
ACC to act as a precursor to generate calcite or aragonite in bio-systems.  
2.3.6.2 Biogenic Stable ACC 
Stable ACC is defined as a mechanical stiffer, or temporary storage sites (stable until 
dissolution).
20
 The existence of stable ACC has been proven from the studies of some spicules 
comprising ACC side by side with crystalline CaCO3. These two phases are not mixed 
together but separated by the membranes within the spicules. Moreover, stable ACC usually 
contains considerable quantities of magnesium and/or phosphorous ions; besides, it contains 
one molar of water per molar of CaCO3, and always shows short-range order (within one or 
two coordination shells). For transient ACC, TGA data shows that it contains less than one 
third of water per CaCO3 unit (or could be referred as anhydrous) and the solubility is usually 
higher than that of stable ACC, and it usually shows a greater symmetry around the 
carbonates. 
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2.3.7 Prenucleation Clusters and Non-classical Nucleation 
ACC nucleation has been reported to be non-classical, forming solutes with “molecular” 
character called prenucleation clusters, prior to the nucleation.
41,121
 It has been demonstrated 
that dissolved CaCO3 contains stable prenucleation clusters, characterized by means of 
equilibrium thermodynamics and allowed for structural preformation. The mechanism of the 
cluster-formation can be explained by entropic solvent effects, which means that the number 
of the degrees of freedom increases when the clusters are formed, since water molecules will 
be released from the hydration layer of ions.
41
 
The Polymer-Induced Liquid-Precursor (PILP) process has been observed; that is, the 
liquid-liquid phase separation occurring in solutions when supersaturation gradually increased 
to a certain point. The separated liquid-like phases are highly hydrated so they are called 
“droplets” rather than particles. After the formation, those droplets adsorbed to the substrate 
and coalesced into a film and then transited to crystalline phase. This study has demonstrated 
the presence of the prenucleation clusters before the formation of ACC phase and the 
liquid-like character of this amorphous precursor has been observed.
38,122,123
 
Cryo-TEM was used to observe and analyze non-classical nucleation and crystallization 
phenomena, which could obtain in situ images of the clusters under Langmuir 
monolayers.
109,110
 The different stages of the crystal growth have been observed, including 
prenucleation clusters, ACC phase, poly crystals and single crystals. Firstly, prenucleation 
clusters with dimensions of 0.6 to 1.1 nm have been observed, which aggregated into ACC 
nanoparticles around 30 nm, followed by attachment and aggregation on the template surface. 
Then, randomly oriented nanocrystalline domains have been observed under cryo-TEM and 
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confirmed by selected area electron diffraction (SAED). After that, the product transited to 
single crystals via the interaction with the monolayer. 
2.4 Biomimetic Synthesis of Hierarchical Structural Functional Materials 
2.4.1 Nacre 
Nacre is a strong, stiff and tough hierarchical bio-structure found in sea shells and pearls, 
which can protect the soft bodies of mollusks.
124
 It is usually composed of around 95wt% of 
aragonite (vaterite, calcium phosphate and amorphous silica have also been found in some 
living organisms) and about 5wt% organic biopolymers (keratin, collagen and chitin etc.). As 
we know, aragonite is brittle, whereas biopolymer is soft. The main reason for the outstanding 
mechanical properties of nacre is hierarchical arrangement. The architecture of nacre 
resembles a “brick and mortar” structure, which includes aragonite single-crystalline tablets 
as the bricks (about 5-10 μm in diameter and 0.2-0.5 μm thick) and 20-30 nm thick layers of 
biopolymers as the mortar to hold the tablets together.
125
 
Much work has been done on the measurement of the mechanical properties of nacre, using 
tension, three and four-point bending, shear, and micro-/nano- indentation methods.
126-129
 It 
has been reported that the Young’s modulus of nacre can reach up to 70 GPa (dry) and 60 GPa 
(wet), and the values of the tensile strength are about 170 MPa (dry) and 130 MPa (wet).
126
 In 
addition, unlike the sudden and brittle failure of pure aragonite, the tensile strain of nacre can 
reach up to almost 1 % followed by hardening up to failure, which means that the specific 
structure of nacre leads to larger deformation so that the nacre structures can absorb more 
energy before the breakage. Moreover, the deformation modes and strengthening mechanisms 
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of nacre have been widely investigated, which include mineral bridges, polymer glue effects 
and the enhancement mode of asperities etc.
47,48,126,130,131
 
Artificial nacreous structure is one of the hottest topics in the area of biomimetic synthesis 
and many influential studies have investigated how to enhance the strength, hardness, and 
stiffness of synthetic structures, by duplicating the hierarchical structure of nacre. Different 
methods have been reported, such as electrodeposition,
132
 layer by layer (LBL) 
deposition,
133,134











It has been reported that by using a bottom-up assembly process called layer-by-layer (LBL) 
assembly, nacre-like nanocomposite of MTM clays and poly(vinyl alcohol) (PVA) can be 
produced.
134
 The structure can be obtained by immersing the substrate into PVA and MTM 
solution respectively for several cycles. Though the PVA is uncharged, the composite is still 
stronger than other polymeric materials in LBL, due to the strong hydrogen bonding of the 
PVA/MTM pair. In addition, the cyclic cross-linking to Al substitution on the surface and 
along the edges of the MTM led to a substantial part of efficient load transfer between the 
polymer and the clay bricks. According to mechanical property tests, the composite displayed 
about four times higher strength and nearly one order of magnitude higher Young’s modulus 
compared to pure PVA polymer. The ultimate tensile strength was as high as 480 MPa and the 
modulus of it could reach up to 125 GPa, which are both higher than those of real nacre. 
Another innovative method to create nacre-like structure is to use ice as the template to create 
nacreous structure.
138,143
 Firstly, ceramic slurry was prepared, followed by a decrease in 
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temperature. When it was freezing, the ice crystals were formed and expelled the ceramic 
particles to form lamellar microstructures along the direction parallel to the movement of the 
freezing front. The microstructure could be controlled by the speed of the solidification front, 
which influenced the thickness of the ceramic layers (for example alumina powder with an 
average grain size of 0.3 μm). After obtaining this porous structure, the second phase was 
filled into the scaffolds to obtain dense composites. The three-points bending 
load-displacement data for the obtained ice-templated material was qualitatively highly 
similar to that of natural nacre. In addition, take layered composites of alumina-Al-Si-Ti for 
example, its strength can reach up to 600 MPa at most and the fracture toughness can be 10 
MPa/m
2
. When the ice-templated method was applied to hydroxyapatite (HAP) powder, the 
obtained porous lamellar scaffolds are four times stronger in compression than that of 
concential porous HAP. 
Various two-dimensional artificial building blocks have been utilized as the bricks in artificial 




 graphene or graphene oxide 
nanosheets,
136,144
 metal oxide nanosheets
145
 and layered double hydroxides (LDHs) 
platelets.
141
 Moreover, CaCO3, which is the main composition of nacre, has been utilized to 
mimic nacre more closely;
140,146,147
 however, there are some limitations of using CaCO3 due to 
insufficient reports related to the preparation of a large quantity of CaCO3 single-crystalline 
nanoplates or nanosheets. There have been reported of making a CaCO3 layered structure 
through a biomineralization pathway, but the bulk size of such composites cannot be 
obtained.
148
 The other approach, which combines polymer deposition by LBL or a spin 
coating process, and CaCO3 film growing on the polymer surface, can produce the 
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layer-by-layer structures of CaCO3 and polymer composites; however, the direct 
mineralization of CaCO3 on polymer substrates usually leads to polycrystalline crystals, 
which are mechanically weaker compared to the single crystals in nacre. Much effort still 
needs to be taken to obtain closer simulation to real nacre, not only in structure but also in 
composition. 
2.4.2 Bone 
Bone is another typical bio-structure which has extremely good mechanical properties and 
light weight, compared to artificial biomaterials. It is composed of the assemblies of collagen 
molecules with small hydroxyapatite crystals, the c-axis of which are along the long axis of 
the collagen fibrils. The deformation and fracture mechanism of bones has been tested using 
various methods, such as three-point bending at the macroscale,
149,150
 stress-strain test at 
different testing angles at the microscale
149
 and fibrillar toughening by mineralization at the 
molecular scale.
151
 It has been demonstrated that the collagen fibrils with crystals are stiffer 
than pure collagen fibrils, which are high in strength and have increased energy dissipation. 
Artificial bone can be widely used for clinical applications such as bone repair, replacement 
and transplant. Tissue engineering, which combines cellular biology, engineering and material 
fabrication methods, is a field of research with the aim of creating useful materials to improve 
or replace biological functions.
152,153
 Besides this approach, biomimetic methods have also 
been developed,
154-156
 including the preparation of nanocomposites mixed with nano inorganic 
and organic particles, fabrication of bone-like materials using pre-formed polymer networks 
as templates, and a self-assembly process to build inorganic-organic nanocomposites. Though 
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such artificial bone materials are still not as strong as natural bone, they have been already 
used in clinical applications and have become smarter and stronger. 
2.4.3 Wood 
The hierarchical structure of wood is another outstanding example in nature, since wood has 
good mechanical properties per unit weight. This is due to the highly oriented arrangement of 
cellulose fibrils.
157
 Wood have unique, independent mechanical properties in the three 
directions. The main strength axis is longitudinal, which is parallel to the grain, and the radial 
and tangential directions are substantially weaker since they are perpendicular to the grain. 
The structure of wood offers guidance for the creation of light-weight structural materials, 
especially with good anisotropic mechanical properties. 
Inspired by the cellular structure of wood, aerogels and polymeric foams with strong and 
tough properties have been produced. To simulate the wood structure, small gas bubbles were 
incorporated into a polymer matrix to reduce the density of the material. To achieve this goal, 
spherical fillers with a hollow center were added or gas was directly introduced into the 
system.
158
 In addition, an aqueous solution could directly change into a wood-like structure 
with direct freeze-drying method and the porosities of the material could reach up to 
99.5%.
159
 Apart from polymers, bulk ceramic materials with cellular microstructures have 
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CHAPTER 3   
PROTEIN-ASSISTED SYNTHESIS OF 
DOUBLE-SHELLED CALCIUM CARBONATE 
MICROCAPSULES AND THEIR MINERALIZATION 
WITH HEAVY METAL IONS 
3.1 Introduction 
Biologically controlled mineralization (BCM) is an important pathway to form inorganic 
metal-containing materials in a tailored manner.
1-8
 Because of the different surface properties 
of microorganisms, minerals can be deposited onto the external membrane or vesicles within 
the cell interior.
9-14
 For example, the gram-negative bacterial cells of prokaryotes possess two 
lipid/protein bilayers called the outer and the plasma membranes. As illustrated in Figure 3.1 
(a), the different modes of mineral formation are expected due to different chemical 
constituents and binding abilities to the minerals in the outer cell membrane and the inner 
plasma membrane. In such cases, understandably, the biological cells exert a significant 
control over the inorganic deposits chemically through direct chemical binding or resulted 
metabolic products etc. and/or physically through size-constraint or space-confinement. 
Amongst numerous inorganic minerals, calcium carbonate (CaCO3) is the one that has 
received great research attention over the past decades.
15-21
 It is one of the most abundant and 
important biominerals in nature, and is the main inorganic component of shells of marine 
organisms, corals, snails and eggs, to fulfill specific tasks, such as protection, strengthening 





 In recent years, the nucleation and crystallization of CaCO3 with or without 
assistance of templating or ligand molecules have been investigated extensively because of its 
biological and technological importance. Due to its biocompatibility, biodegradability and 
nontoxicity,
23-26
 the natural and synthetic forms of CaCO3 are also used as biomaterials for 
tissue engineering and drug delivery research, especially for those with hierarchical pore 
structures or hollow interiors. Commercially, CaCO3 is used as a calcium supplement, an 
antacid medicine, and as a base material for tablets or phosphate binders in medicinal 
applications. On the other hand, low-cost CaCO3 sorbents can also effectively remove heavy 
metallic ions via ion-exchange and precipitation processes in the application of wastewater 
treatment. 
In pursuing the research in the above field, we have recently developed several methods to 
synthesize CaCO3 with controlled crystal morphologies and structural configurations utilizing 
CO2 as a feed stock to generate (on-site) -carbonate anions. Inspired by the basic cell wall 
structures and related BCM processes, in this chapter, a protein-assisted approach is reported 
to synthesize CaCO3 into a structural analogue of a bacterial cell. Due to different reactivities 
of their outer and inner shells, the CaCO3 microcapsules exhibit different sorption capacities 
toward metal ions. Quite surprisingly, three mineralization modes resembling those found in 



















Figure 3.1 (a) Simplified schematic illustration of biologically controlled mineralization 
modes by gram-negative bacteria (the outer cell membrane in red and the plasma membrane 
in orange): (i) mineral particle (green) formed at specific sites of extracellular surface, (ii) 
mineral overcoat (light grey) produced on an entire extracellular surface, and (iii) mineral 
phase (purple) deposited in intracellular locations; (b) schematic illustration of the similar 
mineralization modes by our biomimetic CaCO3 microcapsules (the outer shell in bluish 
purple and the inner shell in sky blue): (i) mineral particle (green) formed at specific sites of 
outer shell, (ii) mineral overcoat (light grey) produced on an entire outer shell surface, and (iii) 
mineral phase (deep green) deposited inside the inner shell or central cavity; and 
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3.2 Experimental Section 
3.2.1 Synthetic Preparation 
In the synthesis of double-shelled CaCO3 microcapsules, 1.00 g of granular gelatin (from 
bovine skin, type B. Sigma) was added into 9.0 mL of deionized water, which was kept in an 
electric oven at 80
o
C for 20 min to form a gel. 11.00 g (100.0 mmol) of CaCl2 (Merck, 98%) 
was added into 3.0 mL of deionized water and 8.0 mL of the 80
o
C-gelatin gel was added into 
the CaCl2/deionized water solution, stirred vigorously for 20 min at room temperature. 
Afterward, 6.00 g (100.0 mmol) of urea (Fluka, 99.5%) was dissolved in the CaCl2-gelatin 
mixture under magnetic stirring for 20 min, followed by 6 h of sonication under an ultrasonic 
water bath. The above solution was kept inside an electric oven at 80
o
C for different times. 
Finally, the products were washed via centrifugation and redispersion cycles with deionized 
water and ethanol four times.  
3.2.2 Mineralization and Sorption Experiments 
In mineralization and sorption study, 0.010 g of the CaCO3 microcapsules was added into 
25.0 mL of deionized water followed by sonication in an ultrasonic water bath for 5 min in 
order to obtain a well dispersed suspension. The microcapsule suspension was then added 
with 100.0 mL of a studied heavy metal solution (Pb(NO3)2, Cd(NO3)24H2O and HgCl2 
respectively, all at 1.0 mmoldm3) and stirred at 251oC for 12 or 24 h. The sorption capacity 
of the CaCO3 microcapsules was also investigated with sorption isotherm experiments. 
Briefly, 0.010 g of the CaCO3 microcapsules was added to 5.0 mL of deionized water to 
obtain a CaCO3 suspension, which was then mixed with 5.0 mL of heavy metal ion solutions 
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at different concentrations (Pb(NO3)2, 0.1040.0 mmoldm
3
; Cd(NO3)24H2O, 0.1010.0 
mmoldm3; and HgCl2, 0.1020.0 mmoldm
3
) respectively and stirred at 251oC for 24 h. 
Moreover, human body detoxifying reaction was simulated in standard phosphate buffered 
saline (PBS) solution. In this test, 0.010 g of the CaCO3 microcapsules was first suspended in 
10.0 mL of PBS solution. This suspension was then mixed with 10.0 mL of heavy metal ion 
solutions at different concentrations (0.1010.0 mgdm3, also prepared in PBS) and stirred at 
251oC for 24 h. All solution samples were drawn out with syringes and filtered to remove 
the solid phase. The concentrations of residual heavy metal ions in the solution phase were 
determined by inductively coupled plasma mass spectrometry (7500 Series ICP-MS, Agilent 
Technologies).  
3.2.3 Cytotoxicity Tests 
The cytotoxicity of the double-shelled CaCO3 microcapsules was measured using 
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay protocol. In 
these tests, HepG2 cells were seeded into 96-well microplates at a concentration of 1104 
cells/well in 100 μL of culture medium containing various amounts of CaCO3 with final 
concentration from 1 to 100 µgmL1. After incubated for 24 h at 37°C and 5.0% CO2, the cell 
cultures were added with 10 μL of MTT labeling reagent (Roche) to each well, and incubated 
at 37°C for 4 h in a humidified atmosphere. Next, 100 μL of the solubilization solution was 
added to each well and the plates were allowed to stand overnight in the incubator in a 
humidified atmosphere. After complete solubilization of the purple formazan crystals, the 
spectrophotometrical absorbance of the samples was measured at wavelength of 570 nm and 
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reference wavelength of 660 nm using Tecan GENios microplate reader. The CaCO3 treated 
cells were rinsed briefly in PBS, fixed with 4% paraformaldehyde in PBS at 4
o
C for 15 min, 
permeabilized with 0.1% Triton-100 in PBS for 30 min. The cells were incubated with diluted 
DAPI dye at room temperature for 10 min, and then the photomicrographs were taken using 
an Olympus IX71 fluorescent microscope.  
3.2.4 Materials Characterization 
The crystallographic information of the prepared samples was established by powder X-ray 
diffraction (XRD; Shimadzu, model XRD-6000, Cu K radiation, and  = 1.5406 Å). 
Morphological and compositional investigations were carried out with field-emission 
scanning electron microscopy (FESEM; JSM-6700F), transmission electron microscopy and 
energy-dispersive X-ray spectroscopy (TEM/EDX; Joel JEM-2010, 200 kV), high-resolution 
TEM and selected area electron diffraction (HRTEM/SAED; JEM-2100F, 200 kV). The 
composition and elemental distribution of the products were characterized by both EDX 
microanalysis and X-ray mapping (EDX/JSM-5600LV and EDX/JEM-2010F). Surface 
analysis for samples was performed using X-ray photoelectron spectroscopy (XPS; Kratos 
Analytical AXIS-HSi) with a monochromated Al K X-ray source (1486.6 eV). All binding 
energies were referred to the C 1s peak (284.6 eV) arising from surface hydrocarbons (or 
adventitious hydrocarbons). Thermogravimetric analysis (TGA; TA Instruments TGA-2050) 
was also performed to determine the chemical composition of the samples. The TGA 
measurements were carried out at a heating rate of 10
o
C/min from 50 to 900
o
C with a nitrogen 
gas flow rate of 100 mLmin1.  
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3.3 Results and Discussion 
3.3.1 Morphology, Structure and Composition 
In the preparation of the CaCO3 microcapsules, briefly, CaCl2 was used to provide Ca
2+
 
cations while urea was used as a source of carbonate anions (i.e., urea decomposes into NH3 
and CO2 at 80
o
C). Gelatin (derived from bovine skin) was also employed to assist and control 
the crystallization and growth of CaCO3 as well as its crystal polymorphic phases. In these 
experiments, all solutes including gelatin could completely dissolve in water to form a 
homogenous solution prior to the reaction. Figure 3.2 (a) and (b) gives TEM and FESEM 
images of as-prepared CaCO3 microcapsules. As can be seen, a double-shelled structure is 
clearly resolved in the TEM image. The average length and diameter of these hollow capsules 
are about 4.450.42 m and 1.310.15 m respectively and their mean aspect ratio is about 
3.410.15 (Figure 3.2(a)). It is interesting to note that the above spatial dimension is in the 
similar scale of rod-shaped magnetotactic bacteria and is about three times of Escherichia coli 
cells. The microcapsules are essentially single-crystalline and are in pure calcite phase 
(JCPDS 05-586; lattice constants ao = 4.9896 Å and co = 17.061 Å; space group Rc), as 
revealed by the SAED pattern and HRTEM image displayed in Figure 3.2 (c) and (d) 
respectively. Although diverse synthetic forms of CaCO3 crystals have been prepared over 
past decades, it is the first time that this important biomineral has been prepared into the 
complex double-shelled bacterium-like morphology. 
 
 















Figure 3.2 (a) TEM image, (b) FESEM image, (c) SAED pattern and (d) HRTEM image of 
microcapsules. 
 
In order to acquire further information on this artificial structure of CaCO3, a compositional 
analysis with surface sensitive technique X-ray photoelectron spectroscopy (XPS) was carried 
out, which can be found in Figure 3.3. In addition to the carbon,
27-31
 oxygen and calcium 
elements, nitrogen and sulfur were also found, consistent with the protein nature of 
gelatin.
32-35 The main peak of C 1s spectrum at 284.6 eV is assigned to the hydrocarbon 
chains of the gelatin and the smaller peaks at higher binding energies of 286.3, 288.7 and 
289.7 eV are attributed to the carbon atoms connecting to the oxygen or nitrogen with a single 
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bond such as CO and CN, C(O)O or C(O)NH from the biomolecules of the gelatin, and 
CO3
2
 of CaCO3 respectively. The spectrum of O 1s exhibits the CO3
2
 of CaCO3 and the 
C(O)O of gelatin at 531.2 eV; other peaks at 532.6 and 533.3 eV can be assigned to the 
oxygen species in COH and H2O molecules respectively. Two peaks of Ca 2p spectrum at 
346.9 eV (2p3/2) and 350.5 eV (2p1/2) indicate the presence of Ca
2+
 of CaCO3. In addition to 
the carbon, oxygen and calcium elements, nitrogen and sulfur were also examined in view of 
the protein nature of gelatin. In particular, the peak of N 1s spectrum at 399.8 eV can be 
assigned to the unprotonated nitrogen of the terminal amino groups. In S 2p spectrum, on the 
other hand, the doublet peaks at 169.0 eV (2p3/2) and 170.4 eV (2p1/2) are attributed to the 






























Figure 3.3 Surface composition analysis with X-ray photoelectron spectroscopy (XPS) of 
double-shelled CaCO3 microcapsules produced at 80
o
C for 50 h. Herein we display some 
representative X-ray photoelectron spectra for carbon (C 1s), oxygen (O 1s), calcium (Ca 2p), 
sulfur (S 2p), and nitrogen (N 1s) species. 
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Furthermore, our TGA displayed in Figure 3.4 shows that gelatin is indeed entrapped in the 
final CaCO3 products and is decomposed over 250 to 350
o
C, whereas the CaCO3 host is 
decomposed at 740
o
C as expected. According to the theoretical value and the TGA data, the 
organic phase included in our CaCO3 microcapsules is estimated to be in the range of 59wt% 
by weight. Gelatin biomolecules were reported to play an important role in stabilizing the 
metastable vaterite.
36
 On the basis of the TGA results (Figure 3.4), we know that the 
decomposition temperature of the gelatin is in the range of 250 to 350
o
C. In Figure 3.5, we 
report the TEM observation on a CaCO3 product after heated to 450
o
C in the TGA apparatus. 
It can be observed that there is no appreciable morphological change after the calcination to 
450
o
C when gelatin was removed, confirming that gelatin did not exist as an independent 









Figure 3.4 TGA of double-shelled CaCO3 microcapsules produced at 80
o
C for 50 h. 
 














Figure 3.5 TEM image of a typical CaCO3 microcapsule sample calcined to 450
o
C in the 
TGA station. 
 
3.3.2 Growth Process and Formation Mechanism 
The growth mechanism of the CaCO3 microcapsules was further investigated. Figure 3.6 
reports a series of TEM images of CaCO3 intermediates produced at different reaction times. 
The process can be divided into several steps, as depicted in the color inset. After 2 h of 
reaction, the nucleation of CaCO3 crystallites in a triangular platelet form started and the 
rod-like assembly of crystallites took place from 2 to 7 h, during which hollowing process 
also commenced. 


















Figure 3.6 Formation process of bacterium-like double-shelled CaCO3 microcapsules: color 
inset (inner shell in blue color and outer shell in bluish purple) illustrates (i) formation of 
vaterite crystallites, (ii) aggregation of vaterite crystallites, (iii & iv) hollowing of the inner 
shell, (v & vi) deposition of the outer shell, and (vii & viii) hollowing of the inter-shell space; 
and the corresponding TEM images taken for intermediate samples over a time period of 2 to 
72 h. 
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Thermodynamically, calcite is the most stable crystal phase among the polymorphs of CaCO3, 
but our XRD and HRTEM investigation demonstrates that vaterite phase (JCPDS 33-268; 
lattice constants ao = 7.147 Å and co = 16.917 Å; space group P63/mmc) was a dominant 
phase at the beginning of the nucleation, as shown in Figure 3.7 and Figure 3.8 (a). It should 
be mentioned that there is an amorphous calcium carbonate (ACC) phase when the reaction 
time is short as shown in Figure 3.8 (a), which means ACC maybe act as a precursor of the 
crystalline phase. Calcite was also observed in the HRTEM images, possibly because vaterite 
could transform to calcite phase due to the irradiation of electron beam. The presence of 
vaterite suggests that the gelatin may have stabilizing effect. Furthermore, rapid reaction rate 
could be another factor for producing vaterite.
36
 From HRTEM images of Figure 3.8, it can be 
seen that there is a clear lattice reconstruction in this series of samples. In particular, 
significant conversion of vaterite phase to calcite phase takes place after 3 h of the reaction 
(in Figure 3.8 (d)), which is also in good agreement with the XRD results reported in Figure 
3.7. At the reaction times of 7 to 12 h, the microcapsules had gradually taken the shape and 
the hollowing became a major process, that is, the complex configuration started to form. At 
24 h of the reaction, a dual-shelled wall structure can be observed clearly though the hollow 
spaces were still small. From 24 to 72 h, the hollow interiors became bigger and finally the 
central part began to break after 120 h of processing. The inner shell structure almost 


















Figure 3.7 Evolution of XRD patterns of CaCO3 phases during the formation of 
double-shelled microcapsules at 80
o
C for 120 min, 140 min, 180 min, 4 h, 7 h, 12 h, and 24 h. 
After 24 h, all the samples are in phase-pure calcite (i.e., they have the same XRD pattern as 
















































Figure 3.8 HRTEM images of representative CaCO3 structures produced at 80
o
C for (a) 2 h, 


















Figure 3.9 TEM image of a double-shelled CaCO3 microcapsule prepared by standard 
procedures for 150 h. 
 
 
On the basis of our SAED observation shown in Figure 3.2 (c) and HRTEM shown in Figure 
3.8, the formation of rod-shaped inner shell involved the oriented attachment of primary 
vaterite crystallites,
37-39
 since the rod-shaped CaCO3 nanoparticle aggregates appeared readily 
(140 min, Figure 3.6). The transition process of crystalline can be observed from the HRTEM 
images measured after different reaction times, as shown in Figure 3.8. At 2 h, the 
nanoparticles were formed by small CaCO3 particles random aggregation; however, the 
product becomes almost single-crystalline at 3 h when the process proceeds (Figure 3.8 (d)). 
On the other hand, Ostwald ripening process was the main mechanism for the generation of 





 Theoretically, Ostwald ripening occurs under near equilibrium conditions 
when larger crystallites grow at the expense of smaller ones. As a result, the number of 
crystallites declines, and the average mass of crystallites increases.
 
At stage one, the 
nanocrystallites which bumped into each other must be relatively small due to the high 
supersaturation at the beginning of nucleation, leading to dissolution during Ostwald ripening 
and resulting in the first shell.  The second shell was formed because of the transition from a 
metastable phase (vaterite) to a stable phase (calcite). When the reaction rate was slower at 
stage two, the formation of thermodynamically stable calcite phase became predominant. At 
the same time, most of the existing vaterite phase was also transformed to calcite. For 
example, the vaterite near the interface between the two phases tended to dissolve and 
recrystallize to calcite because of the higher solubility, leaving the interior between the first 
and second shells.  
On the basis of the above results and explanation, the chemical process of double-shelled 
CaCO3 microcapsules can now be addressed more explicitly. In the beginning, the urea was 
hydrolyzed into NH3 and CO2 when the system reached its decomposition temperature (80
o
C). 
NH3 dissolved in the solution and made the reaction system alkaline (NH3H2O) in which CO2 
readily became CO3
2
 and combined with Ca
2+
 to form small clusters of CaCO3. Amorphous 
calcium carbonate (ACC) was also observed at the beginning stage, which indicated that the 
ACC might act as a transient phase to vaterite at the beginning, as has been reported.
22,42
 
Together with the ACC, small-sized vaterite crystallites observed initially could aggregate 
rapidly into a solid rod shape structure. With the reaction continued, the degree of 
supersaturation became lower, the deposition/growth of CaCO3 then largely took place on the 
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surface of the pre-existing rod-shaped structures. Over this stage, slower growth was expected, 
which is evidenced in a much smoother outer shell morphology and longer process times 
required (372 h, for example), compared to those at the stage one. The phase produced at 
this stage was largely calcite while the inner vaterite phase was transformed to calcite 
gradually, which is demonstrated by the XRD results shown in Figure 3.7. It can be seen that 
at the reaction time of 2 to 3 h, only vaterite existed in the system, which corresponded to the 
formation of the inner part of the microcapsules. After 3 h, calcite phase was produced and 
the proportion of calcite increased until all vaterite disappeared. In both stages, gelatin 
macromolecules act as a metrical biomaterial (i.e., diffusion barrier) to increase the solution 
viscosity and decrease the mobility of precursor solutes. Furthermore, they also serve as a 
chelating limiter to constrain the rapid growth of the crystallites, as they can adsorb on the 
CaCO3 crystallite surfaces. Judging from the product structures, it can be demonstrated that 
the ripening processes took place simultaneously at the central region of the CaCO3 
microcapsules and the interfacial region between the vaterite domain and the grown calcite 
domain, where the energy state of crystallites was normally purported to be higher due to the 
smaller sizes, interfacial stress and metastable phase etc. To sum up, key parameters identified 
for this synthetic approach are a burst of abundant CaCO3 clusters for the nucleation upon the 
urea thermal decomposition in the solution phase, the low diffusion rate caused by gelatin, the 
stabilization of vaterite phase through gelatin adsorption, and the high concentration of 
starting solutes which ensures the high supersaturation for nucleation and the adequate supply 
of the nutrient in the subsequent growth.   
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3.3.3 Mineralization with Heavy Metallic Ions 
In view of their high degree of similarity to the common dual-membrane structure of bacteria 
(Figure 3.1), the CaCO3 microcapsules were further investigated for their mineralization and 
thus sorption capacity to toxic heavy metal cations. It has been shown that CaCO3 can remove 
common heavy metals from aqueous solution.
43-47
 In this work, we carried out mineralization 







 at different concentrations and examined their related sorption ability. Figure 
3.10 displays three representative sorption isotherms of the investigated heavy metal ions; the 
sorption capacity qe (mmolg
1
) of this sorbent is expressed in the following mass balance 
equation:   
 
 
where C0, Ce, V and m are the initial metal concentrations (mmoldm
3
), metal concentration 
at equilibrium (mmoldm3), total solution volume (dm3) and weight (g) of the sorbent 
(CaCO3 microcapsules) respectively. Apparently, different sorption behaviors can be 
























Figure 3.10 Sorption isotherms of heavy metals (reaction/sorption time 24 h): (a) Pb (C0 = 
0.0520.0 mmoldm3), (b) Cd (C0 = 0.055.0 mmoldm
3
) and (c) Hg (C0 = 0.0510.0 
mmoldm3). The sorption capacity is defined as qe = (C0 Ce)V/m, where C0, Ce, V and m are 
the initial metal concentrations, metal concentration at equilibrium, total solution volume 
(dm
3
) and weight (g) of the sorbent (CaCO3 microcapsules) respectively.  
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Since deionized water is usually slightly acidic (due to the atmospheric dissolution of CO2), a 
control experiment was also done to test the influence of water on the CaCO3 microcapsule. 
After stirred for 12 h in deionized water, the CaCO3 microcapsules were examined by TEM, 
the image of which was shown in Figure 3.11. It can be seen that there is no detectable 
difference between the water-soaked product and freshly-prepared microcapsules, and thus 










Figure 3.11 (a) and (b) TEM images of double-shelled CaCO3 microcapsules after a 12 h of 
control experiment in pure deionized water. 
 
In order to understand the mineralization modes involved in the above sorption processes, 
different techniques were used to characterize the compositions and structures of reaction 
intermediates and final products. From our XRD study in Figure 3.12, it is observed that after 
24 h of reaction all Ca
2+
 ions were replaced by Pb
2+
 ions, resulting in hydrocerussite 
Pb3(CO3)2(OH)2 (JCPDS 130131; lattice constants ao = 5.240 Å and  co = 23.68 Å; space 
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group P31m) and cerussite PbCO3 (JCPDS 05-0417; lattice constants ao = 5.183 Å, bo = 8.503 
Å, and co = 6.144 Å; space group Pmcn, which is orthorhombic-bipyramidal and isostructural 
to aragonite CaCO3). It is found that Pb
2+
 ions can replace Ca
2+










Figure 3.12 XRD pattern of reaction products (experimental conditions: 0.010 g of 
double-shelled CaCO3 in 25 mL of deionized water, reacted with 100 mL of 1.0 mmol/L 
Pb(NO3)2 solution for 24 h). 
 
As illustrated in Figure 3.1 (b), Figure 3.13 (a) and (b) shows two TEM images of 12 h 
reaction intermediates, FESEM images of which are shown in Figure 3.14 (a) and (b). Quite 
interestingly, the nucleation and growth process took place at some specific sites of the 
surface indicating the dissolution of CaCO3 was significant, which can be clearly seen in the 
highly porous capsular remains. From an overview of intermediate products from Figure 3.14 
(b), most of the nucleation and growth occurred on the surface of CaCO3. Some unattached 
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products can be observed, because the majority of CaCO3 microcapsules had been consumed 
due to a rapid dissolution in such a case. In particular, the hexagonal flowerlike platelets 
grown on the top of the CaCO3 microcapsules can be assigned to Pb3(CO3)2(OH)2 considering 
its P31m crystal symmetry. On the other hand, because both PbCO3 and aragonite CaCO3 











Figure 3.13 (a) and (b) TEM images of 12 h reaction intermediates showing Pb3(CO3)2(OH)2 







Figure 3.14 (a) and (b) FESEM images of 12 h reaction intermediates showing 
Pb3(CO3)2(OH)2 and PbCO3 on the double-shelled CaCO3 microcapsules. 
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The composition and structure of this reaction intermediate are further demonstrated by 
energy dispersive X-ray (EDX) mapping and EDX spectrum in Figure 3.15 (a) and (b). In 
addition to flowerlike Pb3(CO3)2(OH)2, both Pb and Ca elements can be detected in the 
capsular bodies, confirming that direct ion-exchange was also feasible. Indeed, the original 
CaCO3 phase was no longer detectable by XRD after 24 h of reaction (Figure 3.12), 
indicating a complete conversion of CaCO3 to Pb3(CO3)2(OH)2 and PbCO3 phases, apart from 












Figure 3.15 (a) EDX mapping and (b) EDX spectrum of 12 h reaction intermediates showing 
Pb3(CO3)2(OH)2 and PbCO3 on the double-shelled CaCO3 microcapsules. 
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HRTEM examination on the interface further supports the above mechanism, as shown in 
Figure 3.16. According to the interface structure and the lattice fringes reported in Figure 3.16, 










Figure 3.16 HRTEM image of the interface region between CaCO3 and PbCO3. 
 
Under identical starting conditions, Cd
2+
 ions were mineralized into otavite CdCO3 (JCPDS 
421342; lattice constants ao = 4.929 Å and co = 16.30 Å; space group Rc) covering entire 
CaCO3 microcapsules. Both CdCO3 and CaCO3 (calcite) phases were detected by XRD 
method after 24 h of reaction, as shown in Figure 3.17, noting that otavite and calcite are 
isostructural.  
 












Figure 3.17 XRD pattern of reaction products (experimental conditions: 0.010 g of 
double-shelled CaCO3 in 25 mL of deionized water, reacted with 100 mL of 1.0 mmol/L 
Cd(NO3)2 solution for 24 h). 
 
 





 on the outer surface of CaCO3 microcapsules were the 
dominant processes for the cadmium sorption. Apparently Cd
2+
 ions did not nucleate in the 
solution as a separate phase, neither on the specific surface sites of the CaCO3 microcapsules, 
but formed as a coarse overlayer which can be observed clearly in FESEM in Figure 3.19 (a) 
and (b). Interestingly,
 
the inner shell became thinner after the Cd
2+
 sorption process, which 
suggests that the calcite converted from vaterite is more dissolvable. The outer shell acted as a 
substrate for the CdCO3 nucleation through the direct ion-exchange between the surface Ca
2+
 





 from the solution. Due to the shielding of the outer shell, the inner shell was less 
accessible to Cd
2+







Figure 3.18 (a) and (b) TEM images of products (experimental conditions: 0.010 g of 
double-shelled CaCO3 in 25 mL of deionized water, reacted with 100 mL of 1.0 mmol/L 







Figure 3.19 (a) and (b) FESEM images of products (experimental conditions: 0.010 g of 
double-shelled CaCO3 in 25 mL of deionized water, reacted with 100 mL of 1.0 mmol/L 
Cd(NO3)2 solution for 12 h). 
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In Figure 3.20, the elemental mapping confirms that Cd
2+
 ions were largely distributed on the 














Figure 3.20 (a) EDX mapping and (b) EDX spectrum of 12 h reaction intermediates showing 
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The sorption results for Hg
2+
 ions are particularly interesting. Our XRD investigation reveals 
that mercury oxide chloride hydroxide Hg2OCl(OH) (JCPDS 120305; ao = 6.943 Å, bo = 
8.262 Å and co = 6.787 Å) was the only product arising from this sorptive process, as shown 
in Figure 3.21. In this connection, the hydrolysis of HgCl2 would become easier when CaCO3 




















Figure 3.21 XRD pattern of reaction products (experimental conditions: 0.010 g of 
double-shelled CaCO3 in 25 mL of deionized water, reacted with 100 mL of 1.0 mmol/L 
HgCl2 solution for 24 h). 
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Unlike the previous two mineralization modes, quite intriguingly, the Hg2OCl(OH) did not 
nucleate on the outer shell of the capsular CaCO3. Instead, this precipitate was produced at the 
expense of the inner shell as shown in Figures 3.1 (b) iii, while the outer shell was largely 
kept except for some pore formation, which can be clearly observed in the TEM images in 
Figure 3.22 and the FESEM images in Figure 3.23. Although the nominal concentration of 
HgCl2 was quite high (1.0 mmol/L) in the present case, free ionic Hg
2+
 species in the solution 
was very low due to the small ionization constant of this compound (K = 61014). Thus, the 
mineralization of mercury herein is a thermodynamic equilibrium-driven process. 
Energetically, the hydrolysis of HgCl2 and thus the deposition of Hg2OCl(OH) could only 
take place at the most favorable locations, that is, the CaCO3 crystallites located in the 










Figure 3.22 (a) and (b) TEM images of products (experimental conditions: 0.010 g of 
double-shelled CaCO3 in 25 mL of deionized water, reacted with 100 mL of 1.0 mmol/L 
HgCl2 solution for 12 h). 
 









Figure 3.23 (a) and (b) FESEM images of products (experimental conditions: 0.010 g of 
double-shelled CaCO3 in 25 mL of deionized water, reacted with 100 mL of 1.0 mmol/L 
HgCl2 solution for 12 h). 
 
 
These XRD/TEM findings are further confirmed with our EDX analysis and X-ray mapping 
in Figure 3.24. As can be seen, Hg2OCl(OH) nucleated, and grew inside the microcapsules; 
the process is highly analogous to the magnetic particles formed inside the magnetotactic 
bacteria. One important advantage of this sorption mode is that the outer calcite phase can 

























Figure 3.24 (a) EDX mapping and (b) EDX spectrum of 12 h reaction intermediates showing 
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In addition to the unique structures, it can be observed that the contrast between CaCO3 
phases and heavy-metal-containing phases is very clear, which corresponds to the dissolution 
of CaCO3 that caused the porous morphology and the lower density of the resultant 
microcapsules. Since the metastable part should be dissolved initially, the growing paths 





, which further supports the mechanisms we proposed earlier. For the inner 
shell part, it was completely dissolved in the reaction products with Hg
2+
 ions, which 
elucidates that the inner shell is indeed less stable. On the other hand, both inner and outer 
shells were randomly dissolved in the reaction products with Pb
2+
 ions and there was no 
distinct difference in the stability between the two different types of shells, which is in good 
agreement with a rapid dissolution of the CaCO3 towards Pb
2+
 ions because of the easy 
formations of Pb3(CO3)2(OH)2 and PbCO3. Apparently, this solid dissolution is 
phase-insensitive, but the orientation of the dissolving paths (channels) could still be observed 
from the CaCO3 remains along the radii direction of the microcapsules. This resultant 
morphology further differentiates the processes involved in the different metal ion removals.   
The above three modes of mineralization suggests that our double-shelled CaCO3 products 
may have potential applications in the removal of toxic heavy metals from human body, 
together with their primary function as calcium supplement in calcium pills. Therefore, as a 
preliminary investigation, standard phosphate buffered saline (PBS) solution was also used to 
simulate the controlled pH property of body system in the detoxifying capacity study. PBS 





. It should also be mentioned that the mixing process at the beginning of the 
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reaction could not avoid the pH value fluctuation, which might lead to new precipitation of 
CaCO3 if SBF was used. In our test with PBS, the concentration of lead, cadmium, and 
mercury ions was varied within a range of 0.055.0 mgdm3, which was much higher than 
their respective critical values in blood (i.e., 0.17, 0.0059, and 0.01 ppm (or mgdm3)). The 
sorption capacity, qe (mgg
1
) of the double-shelled CaCO3 microcapsules to these metal ions, 
was also determined from the following mass balance equation:             
 
 
where C0, Ce, V and m are the initial metal concentration (mgdm
3
), metal concentration at 
equilibrium (mgdm3), total solution volume (dm3) and weight (g) of the CaCO3 sorbent, 
respectively. From the sorption capacity test in PBS solution displayed in Figure 3.25, it is 




 were almost completely removed. 
However, the shape of the isotherm of mercury is “L1” type, because the molecular HgCl2 
was still present in the solution after the reaction owing to its small ionization constant, as 



















Figure 3.25 Sorption isotherms of heavy metals (reaction/sorption time 24 h): Pb (C0 = 
0.055.0 mgdm3), Cd (C0 = 0.055.0 mgdm
3
), and Hg (C0 = 0.055.0 mgdm
3
) in PBS. 
The sorption capacity is defined as qe = (C0 Ce)V/m, where C0, Ce, V and m are the initial 
metal concentrations, metal concentration at equilibrium, total solution volume (dm
3
) and 
































Figure 3.26 (a) Color photographs showing the HepG2 cells incubated with the 
double-shelled CaCO3 microcapsules at different concentrations, and (b) cytotoxicity profile 
of HepG2 cells exposed to the double-shelled CaCO3 microcapsules (see the color 
photographs; all scale bars = 20 m). 
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Finally, as another preliminary investigation for the potential detoxifying application, the 
cytotoxicity of our CaCO3 samples was also investigated using 
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay protocol. As 
shown in Figure 3.26, our dual-shelled microcapsules almost have no cytotoxicity to HepG2 
cells.    
3.4 Conclusions 
In summary, for the first time we have devised a chemical strategy to prepare biomineral 
CaCO3 into a structural analogue of bacterial microorganisms. We have investigated the 
material composition, structural evolution and reaction mechanism of this artificial CaCO3 
product for the mineralization and sorptive removal of some of the most common heavy metal 






. Three mineralization modes, which are highly 
analogous to those known in biologically controlled mineralization, have been demonstrated 
respectively with these “CaCO3 cells”. Our preliminary investigation on the cytotoxicity test 
with MTT assay protocol also indicates that these CaCO3 microcapsules almost have no 
cytotoxicity to HepG2 cells and they may be workable in future for specifically detoxifying 
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CHAPTER 4   
SYNTHESIS OF CALCIUM CARBONATE 
NANOTABLETS AND THEIR HIERARCHICAL 
ASSEMBLY INTO HIGH-PERFORMANCE ARTIFICIAL 
NACRE 
4.1 Introduction 
Biological mineralization has received enormous research interest over the past decades.
1-12
 In 
biological systems, natural biomaterials usually have specific, crucial functionalities. Taking 
supportive and protective materials for example, they are required to have excellent 
mechanical properties to support the organs and muscles of animals, to accomplish basic 
movements and daily activities, and to protect organisms from impacts and attacks. Through 
the long process of evolution, nature has found an intelligent way to produce such high 
performance materials, the key point of which is order and hierarchy. Combining brittle 
ceramics and soft polymers in an ordered and hierarchical way, hard, strong and tough 
composites can be produced. Bones, sea shells, crab shells and shrimp hammers etc. are all 
good examples of these kinds of magical materials. Nacre, which has been found in pearls and 
sea shells, is a layer composed of approximately 95wt% calcium carbonate (CaCO3) and 
nearly 5wt% biopolymer. As shown in Figure 4.1, single-crystalline aragonite CaCO3 tablets, 
with the [001] crystallographic orientation normal to the plane, act like bricks and biopolymer 
layers like mortar to glue the bricks together. The periodic arrangement of the bricks and 
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Figure 4.1 (a) A mussel shell showing the nacre or a mother-of-pearl layer, (from 
http://www8.nos.noaa.gov/coris_glossary/index.aspx?letter=n TEM image) (b) a natural pearl 
(from http://www.pearl-publishing.com/), and (c) a structural illustration of nacre. 
 
 
Considerable work has been reported, which are related to the measurement of the mechanical 
properties and the mechanisms of toughening. Compared to the tensile behavior of aragonite 
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which only shows linear elastic deformation followed by brittle failure, nacre shows almost 1% 
tensile strain followed by hardening up to failure. The main explanation for the relatively 
large tensile strain before the nacre fails is that the CaCO3 tablets will slide on one another, 
leading to the organic interfaces yield. Different models of the sliding processes between the 
tiles have been proposed, such as inter-tile layer formed by asperities, organic layer acting as 
glue and mineral bridges, which can be demonstrated by mechanical property test and directly 
observation. Another important mechanism for toughening is crack deflection.
17
 Due to the 
special layer structure of nacre, crack propagation is more difficult. These strengthening 
mechanisms of nacre have been discussed comprehensively; however, those for artificial 
nacre have rarely been investigated. There are still many differences between natural nacre 
and artificial nacre, resulting in the difficulties of direct observation. Therefore, preparing 
artificial nacreous structures which more closely resemble natural nacre is crucial in order to 
examine whether these mechanisms are also suitable for synthetic materials.  
In the field of materials design and synthesis, researchers are sometimes inspired by nature 
and try to mime the shapes, arrangements or structures in nature to enhance the properties of 
artificial materials. This is called biomimetic approach. Due to the high performance of nacre, 
much influential work has been undertaken to improve material strength, hardness, and 
stiffness, by duplicating the hierarchical structure of nacre.
20
 Different methods have been 
reported, such as electrodeposition,
21
 Layer by layer (LBL) deposition,
22
 evaporation or 







 and some combinational techniques like spin coating and dip coating.
30,31
 These 
artificial nacre-like materials have already attained satisfying mechanical performance. At the 
Chapter 4 Synthesis of Calcium Carbonate Nanotablets and Their Hierarchical Assembly into Artificial Nacre  
105 
 
level of layer structure mimicry, achievements have been worthy and numerous; however, the 
close mimicry of both structure and composition of nacre has rarely been reported, but this 
would be quite meaningful not only in materials design and application, but also in the study 
of biological supporting materials. 
Various two-dimensional artificial building blocks have been utilized as the bricks in artificial 




 graphene or graphene oxide 
nanosheets,
24,32
 and layered double hydroxides (LDHs) platelets.
30
 Moreover, CaCO3, which 
is the main inorganic composition of nacre, has been produced to mimic nacre more 
closely;
28,29
 however, there are some limitations in using CaCO3 due to insufficient reports 
related to the preparation of a large quantity of CaCO3 single-crystalline nanoplates or 
nanotablets. It has been reported that a CaCO3 layered structure has been produced by 
biomineralization approach, but bulk sizes of such composites cannot be obtained.
33
 The other 
approach, which combines polymer deposition and CaCO3 film growth on the polymer 
surface can obtain the layer-by-layer structures of CaCO3 and polymer composites; however, 
the direct mineralization of CaCO3 on the polymer substrate usually leads to polycrystalline 
film, which is mechanically weaker compared to the single crystals in nacre. To sum up, the 
key method of preparing artificial CaCO3/polymer nacreous composites in a time-saving way 
and in bulk size is to prepare a large quantity of CaCO3 nanotablets and use assembly 
methods to obtain nacreous films. 
Herein, we report a one pot hydrothermal method to synthesize CaCO3 nanoparticles, which 
form vaterite nanotablets during a washing process through oriented attachment. Surprisingly, 
the obtained nanoparticles were 1 to 3 nm in the reacting solution, but they assembled 
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together to form microsize tablets very quickly by washing off their surrounding protective 
solutions. Then nanotablets with thicknesses from 5 nm to 200 nm (mainly about 20 nm) have 
been obtained. The phase of CaCO3 in this work is vaterite, and the largest plane of the single 
crystals of vaterite nanotablets is normal to the [001] direction.  
Subsequently, the evaporation-induced assembly of the mixture of nanotablets and gelatin 
solution was used to make nacreous films. Vaterite nanotablets were mixed with gelatin 
solution to obtain a homogenous suspension, which was dropped into a petri dish and 
vaterite/gelatin composite film could be obtained by vacuum evaporation. During this process, 
the vaterite nanotablets were arranged to form nacreous structures with good “c-axis” 
alignment. Mechanical tests have been done to the composite film, which showed that the 
film has good mechanical properties. The main mechanism for strengthening is the crack 
bridging of polymer, which probably also involves asperities strengthening. Polymer bridges 
have been observed in the fractures of natural nacre and within single crystalline 
calcite-polymer particle composites.
34
 Unlike other work, which determined the mechanisms 
only through the shape of tensile stress-strain curves and predictions, the polymer bridges 
have been truly observed. This is the first time, which we are aware of, that polymer bridges 
in a synthetic nacreous film system have been observed. 
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4.2 Experimental Section 
4.2.1 Preparation of Calcium Carbonate Nanotablets 
CaCO3 nanotablets were prepared via the oriented attachment of CaCO3 (vaterite phase) 
nanoparticles. In the synthesis of CaCO3 nanoparticles, 1.00 g of CaCl2 (Merck, 98%) and 
1.00 g of urea (Sigma-Aldrich, ACS reagent, 99%) were added into 3.0 mL of deionized 
water, and stirred vigorously until a clear solution was obtained. Afterward, 0.22 g of 
hexadecyl-trimethyl-ammonium bromide (CTAB, Fluka, 96.0%) was added into the above 
solution, followed by 25.0 mL of ethylene glycol (EG, Merck 99.5%) and 100 μL of 
Tween-20 (Acros). The solution was continuously stirred for 30 min, and a homogenous 
solution was formed, which was then transferred to a Teflon-lined stainless steel autoclave 
with a capacity of 50 mL and kept inside an electric oven at 140
o
C for 4 h.  
After the reaction, the autoclave was cooled naturally in laboratory air and the product 
suspension containing CaCO3 nanoparticles dispersed in the original mother liquor. The 
product suspension (in a Teflon container, about 27 mL) was divided into two centrifuge tubes 
(capacity 50 mL) equally and centrifuged immediately at 5800 rpm for 4 min. The obtained 
precipitate was re-dispersed into 45 mL of deionized water rapidly, and CaCO3 nanotablets 
formed readily during this washing and re-dispersing process. The centrifugation and 
re-dispersion cycles were repeated twice with deionized water and ethanol respectively. The 
precipitate was further dried in an electric oven at 60
o
C for 12 h. About 0.68 g of CaCO3 
nanotablets could be obtained from one batch of the reaction, and the product yield of this 
approach was more than 75%.  
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4.2.2 Preparation of Nacreous CaCO3/gelatin Composite Films 
Herein, the wet nanotablets in one centrifuge tube (about 0.35 g of CaCO3 nanotablets) after 
the above centrifugation and re-dispersion cycles were re-dispersed in 7.0 mL of ethanol and 
10.0 mL of deionized water. Meanwhile, 0.50 g of gelatin (from bovine skin, type B; Sigma) 
was added into 25.0 mL of deionized water, which was kept in an electric oven at 80
o
C for 30 
min. The CaCO3 suspension and gelatin solution were mixed together in a glass bottle, stirred 
vigorously for 20 min at room temperature (20-23
o
C), followed by 6 h of sonication under an 
ultrasonic water bath, and 12 h of magnetic stirring, to ensure that the biomolecules of gelatin 
had fully adsorbed on the surface of the CaCO3 nanotablets. After this treatment, the 
suspension was kept still for 6 h and a small amount of impurities and insufficiently adsorbed 
nanotablets sunk on the bottom of the bottle.  
Then, the homogenous suspension (about 40 mL) was drawn out from the bottle with a 
syringe and centrifuged at 5800 rpm for 4 min to obtain nanotablets wrapped with gelatin. A 
varying amount of as-prepared nanotablets was added into different volumes of gelatin in 
water/ethanol solution (3.0 to 7.5 mL; 0.500 g of gelatin dissolved in 7.0 mL of ethanol and 
35.0 mL of deionized water). The thus prepared suspension was dropped into a Petri dish 
under ultrasonication, which was then put into a vacuum desiccator (under 30 mbar) and kept 
still for 24 h-48h at room temperature for evaporation in order to form a nacreous 
CaCO3/gelatin composite film on the Petri dish surface. The freestanding CaCO3/gelatin films 
could be easily collected by simple peeling.  
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4.2.3 Materials Characterization  
The crystallographic information of the prepared samples was established by powder X-ray 
diffraction (XRD; Shimadzu, model XRD-6000, Cu K radiation, and  = 1.5406 Å). 
Morphological and compositional investigations were carried out with field-emission 
scanning electron microscopy (FESEM; JSM-6700F), transmission electron microscopy and 
energy-dispersive X-ray spectroscopy (TEM/EDX; Joel JEM-2010, 200 kV), high-resolution 
TEM and selected area electron diffraction (HRTEM/SAED; JEM-2100F, 200 kV). The 
thickness of CaCO3 nanotablets was measured by atomic force microscopy (AFM; Digital 
Instruments, Veeco metrology group). The composition of the products was characterized by 
EDX microanalysis (EDX/JSM-5600LV and EDX/JEM-2100F). Fourier transform infrared 
(FTIR, Bio-Rad) spectroscopy was used to obtain the chemical bonding information of 
products using the potassium bromide (KBr) pellet technique. Surface analysis for samples 
was performed using X-ray photoelectron spectroscopy (XPS; Kratos Axis Ultra) with a 
monochromated Al K X-ray source (1486.6 eV). All binding energies were referred to the C 
1s peak (284.6 eV) arising from surface hydrocarbons (or adventitious hydrocarbons). 
Thermogravimetric analysis (TGA; Shimadzu TGA-50) was also performed to determine the 
chemical composition of samples. TGA measurements were carried out under a heating rate 
of 15
o
Cmin1 from 20 to 900oC in a nitrogen stream (flow rate at 100 mLmin1). The 
mechanical properties of freestanding films were measured under tensile mode in a 
micro-tester machine (Instron 5500). The films were cut with a razor blade into rectangle bars 
of approximate length 25 mm and width 5 mm. The distance between clamps was 5 mm and 
the load speed was 0.01 mms1.   
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4.3 Results and Discussion 
4.3.1 Synthesis and Characterization of Calcium Carbonate (CaCO3) Nanoparticles 
In this work, CaCO3 nanoparticles were prepared by using a hydrothermal method in the 
presence of hexadecyltrimethylammonium bromide (CTAB) and Tween-20 in mixed 
water/ethylene-glycol (EG) solution. CaCl2 was used to supply Ca
2+
, and urea was 
decomposed to provide CO3
2
. CTAB and Tween-20 were used both as the inhibitors of 
CaCO3 growth and the stabilizers of CaCO3 nanoparticles.  
Since the solvent used in the synthesis was mainly EG and a small volume of water, the 
viscosity of the mother liquor was very high, which was the main reason that the as-prepared 
CaCO3 nanoparticles (1-3 nm) were stable before further washing treatment. To avoid the 
attachment of active CaCO3 nanoparticles, 0.5 mL of the above prepared CaCO3 suspension 
was directly taken out from the autoclave and added into 3.0 mL of EG, shown in Figure 
4.2(a) and (b). And the TEM images of the suspension, which was added into 3.0 mL of 
ethanol, are shown in Figure 4.2 (c) and (d). Subsequently, the solution was dropped on a 
copper grid directly for observation. The CaCO3 nanoparticles can be observed with TEM. 
Apparently, the size of the CaCO3 nanoparticles became larger after they were dispersed in 
ethanol (3-7 nm), which can be easily observed from Figure 4.2 (c) and (d), because ethanol 
had removed some of their surface organics. As shown in the HRTEM images of Figures 4.2 
(b), (d) and the SAED rings of Figure 4.2 (e), those particles are not amorphous but 
crystalline. Since EG is viscous and dense, the images are blur, but the crystal lattice fringes 
can still be observed. For the sample dispersed into ethanol, it can be determined that the 
phase of the particle is vaterite (JCPDS 33-268; lattice constants ao = 7.147 Å and co = 16.917 
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Å; space group P63/mmc). Once again, the X-ray diffraction (XRD) result displayed in Figure 
4.3 further confirms the TEM/HRTEM/SAED results (Note: The specimen in XRD 
measurement was taken from the autoclave and centrifuged without any washing). It can be 
observed that the products are mainly vaterite with a trace amount of calcite (JCPDS 721652; 















Figure 4.2 (a) TEM image and (b) HRTEM image of CaCO3 nanoparticles (1-3 nm) 
dispersed in EG; and (c) TEM image, (d) HRTEM image, and (e) SAED pattern of CaCO3 
nanoparticles (3-7 nm) dispersed in ethanol. 
 
 












Figure 4.3 XRD pattern of pristine CaCO3 nanoparticles (1-3 nm) without any washing. 
 
4.3.2 Characterization of Calcium Carbonate Nanotablets (CCNs) 
CCNs were prepared by simple washing treatment of CaCO3 nanoparticles. In this washing 
process, the EG solution and surfactants were removed and the resultant unprotected CaCO3 
nanoparticles quickly attached to each other and aggregated into nanotablets (i.e., CCNs). The 
morphology of CCNs was observed by SEM shown in Figure 4.4 (a), FESEM shown in 
Figure 4.4 (b), and TEM shown in Figure 4.4 (c). The thickness of nanotablets was measured 
by AFM technique. As shown in Figure 4.4 (d), the thickness of most CCNs is from 5 nm to 
200 nm, and their distribution is quite wide because of the oriented attachment growth 
mechanism which will be further discussed in 4.3.3. However, the overall thickness of CCNs 
could be controlled by changing the washing process, which will be further presented in 4.3.5 















Figure 4.4 Micrographs of CCNs: (a) SEM image, (b) FESEM image, and (c) TEM image; 
and (d) thickness distribution of CCNs determined by AFM technique (Counting method: the 
area and the thickness of individual CCN was measured by AFM and calculated by 
Nanoscope Software (version v5.30r2; Veeco Instruments). All CCNs were divided into 
several groups according to the different range of thickness, such as 0-5 nm or 5-20 nm. After 
that, the measured areas of CCNs were combined for each group respectively and the ratio of 
combined area to the total area of all counted CCNs was calculated to get the percentage. The 




XRD, Fourier transform infrared (FTIR), HRTEM and SAED were used to investigate the 
phase of the CCNs. In Figure 4.5, it can be observed from XRD that the dominant phase of 
the products is vaterite, and there are small amounts of calcite and aragonite impurities.  
 
 














Figure 4.5 XRD pattern of CCNs. 
 
FTIR spectrum shows that the product is essentially pure CaCO3, without detectable organic 
molecules, as shown in Figure 4.6. In particular, the very small band at 700 cm
1 
can be 
attributed to the in-plane bending mode of the carbonate group (υ4 mode) of aragonite,
35,36
 and 
the small band at 712 cm
1
 can be assigned to the characteristic absorption of calcite (υ4 mode 
of carbonate group).
37,38
 The relatively large band at 745 cm
1
 (υ4 mode of carbonate group) is 


















Figure 4.6 FTIR spectrum of CCNs. 
 
In Figure 4.7, HRTEM and SAED results show that the CaCO3 nanotablet is single-crystalline 









Figure 4.7 (a) SAED and (b) HRTEM image of CCNs. 
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TGA was used to obtain the composition of the typical sample, and it is shown in Figure 4.8. 
The composition of the product was 99wt% CaCO3 and 1wt% organic molecules which 
decomposed from 350 to 450
o
C. Energy-dispersive X-ray spectroscopy (EDX) was used to 
obtain the compositional information of the nanotablets, as shown in Figure 4.9. Besides 
calcium, carbon, and oxygen elements from CaCO3, trace amounts of bromine from CTAB 



























Figure 4.9 EDX spectrum of CCNs. 
 
XPS was carried out to acquire further information on the CCNs and the results are shown in 
Figure 4.10. The main peak of C 1s spectrum at 284.6 eV is assigned to hydrocarbon chains, 
and the smaller peaks at higher binding energies of 285.3 eV, 286.2 eV and 288.5 eV are 
attributed to C–N, C–O–C or C–OH and C=O or COO from the organic phase 
respectively.
39-42
 The peaks at 289.7 eV and 290.4 eV are assigned to the CO3
2
 of CaCO3 in 
the lattice and on the surface of nanotablets.
43-45
 The spectrum of O 1s exhibits the CO3
2
 of 
lattice and on the surface of CaCO3 nanotablets at 531.2 eV and 529.9 eV;
43,45
 and other peaks 
at 531.7 eV, 532.4 eV and 533.4 eV can be assigned to the oxygen species of C=O, COH 
and H2O molecules respectively.
39-42,46,47
 Two main peaks of Ca 2p spectrum at 347.1 eV 




 The other two peaks at 
348.0 eV (2p3/2) and 351.6 eV (2p1/2) are assigned to the Ca
2+
 connected to the Cl

 on the 
surface,
39
 which could be confirmed by the spectrum of Cl 2p, in which the peaks at 198.7 eV 




 The nitrogen and bromine of 
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CTAB have not been found in the CCNs samples, which means that the CTAB could be 



















Figure 4.10 XPS spectra of CCNs: (a) C 1s, (b) O 1s, (c) Ca 2p, (d) Cl 2p, (e) N 1s, and (f) Br 
3d. 
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4.3.3 Proposed Mechanism for CCNs Formation 
As illustrated in Figure 4.11, the mechanism of CCNs formation can be attributed to the 
aggregation of CaCO3 nanoparticles through oriented attachment.
48-50
 In the present synthesis, 
EG was viscous, and served as an organic matrix to prevent CaCO3 nanoparticles from rapid 
attachment during the reaction. In addition, ionic surfactant CTAB and non-ionic surfactant 
Tween-20 both have long chains, and they were able to stabilize the CaCO3 nanoparticles by 
chelating, physi-sorption, and van der Waals interaction. During the (water) washing process, 
EG, CTAB and Tween-20 were largely removed, and the nanoparticles became more active 
and much easier to attach to each other. It is known that the positively charged head group 
N+(CH3)3 of CTAB is easy to attach to the negatively charged (001) plane,
48-53
 which leads 
to the stronger interaction between CTAB and the (001) plane than other planes, so the 
removal of CTAB from this face is more difficult and slower. This surface stabilization 
causes slower oriented attachment and lower growth rate along the [001] direction. After the 
formation of nanotablets, nevertheless, the CTAB which were adsorbed on the (001) face 
could still be removed by washing treatments. However, it was difficult to have further 
attachment or growth since the diameter of CCNs became quite large (usually larger than 1 
μm), and the number of effective collisions dropped significantly. This attachment 
mechanism explains the main reason why there is a wide variation in the thickness of CCNs 













Figure 4.11 Oriented attachment: (a) small nanoparticles stabilized in EG-CTAB-Tween 
solution (Figure 4.2 (a) and (b)), (b) coarsening of nanoparticles when they are dispersed in 
ethanol solvent (Figure 4.2 (c) and (d)), and (c) removal of surface organics and the formation 
of CCNs after washed with water (Figure 4.3).  
 
4.3.4 Surface Roughness of CCNs 
Grains and grain boundary have been observed by TEM and HRTEM shown in Figure 4.12 (a) 
and (b). The distribution and size of the grains can be observed in AFM image in Figure 4.12 
(c), and they are very similar to those of natural nacre tablets. The quick aggregation of 
nanoparticles also leads to the rough surface of nanotablets, which can be observed from 
AFM images shown in Figure 4.12 (d) and (e). There are lots of asperities on the surface, 
which is another close mimic of real CaCO3 bricks in the nacre. Compared with a smooth 
surface, this surface feature generates additional friction and enhances the interconnection 



























Figure 4.12 (a) TEM image of a CCN, showing several grains, (b) HRTEM image of a CCN, 
showing grain boundary, (c) AFM image of surface grains on an individual CCN, and (d) and 
(e) AFM images of the topology of CCN surface. 
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4.3.5 Thickness Control of CCNs 
As mentioned in section 4.3.2, the distribution of CCNs in thickness is rather wide when the 
direct washing process is used; however, the thickness of CCNs could be tuned by changing 
the washing process and the distribution could be narrowed down. In this process, a certain 
volume of deionized water (2.5 to 50 mL) was added into a glass bottle and stirred 
vigorously, followed by the addition of 5.0 mL of CaCO3 nanoparticle suspension, which was 
directly drawn from the reaction container. The samples were centrifuged and washed after 
stirring for 30 min. The thickness distributions are summarized in Figure 4.13, and AFM 
images are shown in Figure 4.14. The results demonstrate that the thickness of CCNs is 
indeed controllable. The key to the effective thickness control is the control of the 
concentration of CaCO3 nanoparticles during the stirring process. The higher the 
concentration of the nanoparticles, the thicker the CCNs would be. The mechanism is easy to 
understand if the concentration is higher, so more CaCO3 nanoparticles would attach, leading 
to thicker CCNs during the washing process. In addition, the attachment time is very short so 



























Figure 4.13 Thickness distributions of CCNs: (a) 5 mL of CaCO3 nanoparticles suspension 
was added into 50 mL of deionized water, (b) 5 mL of CaCO3 nanoparticles suspension was 
added into 20 mL of deionized water, (c) 5 mL of CaCO3 nanoparticles suspension was added 
into 10 mL of deionized water, and (d) 5 mL of CaCO3 nanoparticles suspension was added 




















































Figure 4.14 AFM images of CCNs: (a) 5 mL of CaCO3 nanoparticles suspension was added 
into 50 mL of deionized water, (b) 5 mL of CaCO3 nanoparticles suspension was added into 
20 mL of deionized water, (c) 5 mL of CaCO3 nanoparticles suspension was added into 10 
mL of deionized water, and (d) 5 mL of CaCO3 nanoparticles suspension was added into 2.5 
mL of deionized water. 
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4.3.6 Characterization of CCNs Wrapped with Gelatin 
CCNs were prepared firstly. Gelatin, the protein derived from bovine skin, was chosen as the 
mortar of the artificial nacre. After mixing CCNs and gelatin (see the experimental section), 
the suspension was kept undisturbed for 6 h to make impurities and unabsorbed nanotablets 
precipitate. The ultrasonic treatment and stirring process caused some gelatin to adsorb on the 
surface of the nanotablets, which could be demonstrated by FESEM shown in Figure 4.15 and 
TGA results shown in Figure 4.16. The nanotablets with gelatin on the surface, which were 
used for the FESEM observation and TGA tests, have been washed for three times to remove 
the unadsorbed gelatin. There is about 5wt% gelatin adsorbed on the surface of the 










Figure 4.15 FESEM image of CCNs wrapped with gelatin; sample was washed three times 



















Figure 4.16 TGA scan curve of CCNs wrapped with gelatin; sample was washed three times 
using deionized water after the adsorption process. 
 
The gelatin on the surface has been further confirmed from XPS spectrum. Figure 4.17 shows 
the nitrogen and chloride spectra of the CCNs before and after the gelatin adsorption. The 
sample was washed for three times after the adsorption process. It can be easily observed that 
the new peak of nitrogen at 399.7 eV is assigned to the CONH2 of gelatin.
56-58
 The 
spectrum of chloride remains the same after the treatment, which means the gelatin did not 
replace the Cl






















Figure 4.17 XPS spectra of CCNs before the gelatin adsorption (a) N 1s, and (b) Cl 2p, and 
after the gelatin adsorption (c) N 1s, and (d) Cl 2p. 
 
4.3.7 CCNs Assembled to Artificial Nacre 
CCNs homogenous suspension in gelatin solution (water/ethanol) with different concentration 
was taken out and directly dropped onto a petri dish for vacuum drying at room temperature 
(20
o
C). The thickness of the film and the ratio of CaCO3 to gelatin are easy to control by 
changing the volume of the gelatin solution and the amount of the CCNs. After the 
vacuum-evaporation-induced assembly, films could be obtained after 24-48 h. The thickness 
is from 10 μm to 50 μm and the content of CaCO3 in the composite film could be tuned from 
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0wt% to 95wt%. Figure 4.18 shows some photographs of the obtained CaCO3/gelatin 
composite films with different thickness and CaCO3 content, which are all flexible and 



































Figure 4.18 Photographs of obtained composite films (a) and (b) 65wt% CaCO3 and 30 μm 
thick, (c) 92wt% CaCO3 and 20 μm thick, (d) 76wt% CaCO3 and 30 μm thick, (e) 68wt% 
CaCO3 and 20 μm thick, (f) 60wt% CaCO3 and 18 μm thick, (g) 33wt% CaCO3 and 15 μm 
thick, (h) 5wt% CaCO3 and 18 μm thick, (i) 0wt% CaCO3 and 25 μm thick. 
 
 
The typical microstructures of the film were observed by FESEM, including cross-sectional 
view and top view, shown in Figure 4.19. The thickness of the film is about 20 μm and the 


































































Figure 4.19 Cross-sectional views (FESEM images) of CCNs-gelatin films containing (a-c) 
92wt% CaCO3, (d-f) 76wt% CaCO3, and (g-i) 60wt% CaCO3, and a typical top view (j-k) of a 
film containing 60wt% CaCO3. 
 
 
The film was pasted on a glass substrate, and measured by XRD technique to obtain the phase 
and arrangement information, as shown in Figure 4.20. The phase was pure vaterite and only 
(004), (008) and (0012) peaks could be observed. Compared to the XRD and SAED data of 
the CCNs, it could be demonstrated that the CCNs in the film are well-defined lamella 
microstructures, which arrange properly along the c-axis normal to the face of nanotablets.  
 














Figure 4.20 A representative XRD pattern of the CCNs-gelatin film. 
 
The content of the CCNs in the artificial nacre film was determined by TGA. Figure 4.21 
shows the TGA curve of both pure gelatin film and typical CCNs/gelatin film. Since the 
gelatin was almost burned out at 900
o
C, the remaining substance should be CaO which was 
decomposed from CaCO3. According to this rule, the content of CaCO3 was about 64.8wt% in 
the hybrid film. The CaCO3 content ratio could be varied from 0wt% to 95wt% by changing 
the ratio of gelatin to CCNs. When the gelatin solution which was used for film making was 
changed to water, the CaCO3 content ratio could reach up to 95wt%, which was very close to 
that of natural nacre, though the obtained film was difficult to peel off from the petri dish due 
to its high brittleness. Most organic/inorganic hybrid films have a high organic content; 
Chapter 4 Synthesis of Calcium Carbonate Nanotablets and Their Hierarchical Assembly into Artificial Nacre  
134 
 
however, the lower organic content in the artificial nacre film is closer to that of natural nacre, 











Figure 4.21 TGA scan curves of pure gelatin film (cyan line) and CCNs-gelatin composite 
film (orange line); the CaCO3 contents of which are 0wt% and 64.8wt%, respectively. 
 
 
4.3.8. Tensile-Strength Test of Artificial Nacre Films 
Tensile-strength tests were carried on the CCNs-gelatin films to obtain the mechanical 
properties and the mechanisms of mechanical enhancement. The mechanical properties, 
including Young’s modulus, ultimate stress and ultimate strain are summarized as a function 
of CaCO3 content in Figure 4.22. 
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For real nacre, since dry nacre behaves like ceramic and fails in a brittle fashion,
13
 only 
hydrated nacre will be discussed in the following, which shows special inelastic strains. From 
Figure 4.22, it can be easily observed that the Young’s modulus is raised three times by 
adding 30wt% CaCO3 nanotablets (Figure 4.22 (a)). The largest Young’s modulus is 4.5 GPa, 
when the CaCO3 content is 60wt%. The Young’s modulus of our film is not as high as that of 
real nacre, which can reach up to 60 GPa.
17
 It means that the artificial nacre film has higher 
elasticity and lower stiffness. For hydrated nacre, tests by different research groups reveal that 
the ultimate stress ranges from 80 MPa
 29
 to 130 MPa.
17
 In comparison, the largest ultimate 
stress of ours is 97±4.6 MPa (Figure 4.22 (b)), obtained from the film with 33wt% CaCO3. 
The tensile strain increases when the content of polymer increases, which is easy to 
understand. Surprisingly, even for the film containing 76.4wt% CaCO3, the ultimate strain is 
still 3.1±0.4%, which is two times more than that of nacre, shown in Figure 4.23 (a).
15
 The 
ultimate strain reaches up to 12.5±1.3% when the CaCO3 content is 33%. It means that our 
films have higher energy absorption capacity and better impact resistance, compared to 
natural nacre. The shape of the tensile curves shown in Figure 4.23 (b) is very similar to that 
of hydrated nacre,
13
































Figure 4.22 The relationship between CaCO3 content and (a) Young’s modulus, (b) ultimate 
stress and (c) ultimate strain. 
 



















Figure 4.23 (a) Tensile stress-strain curve of nacre,
15
 and (b) tensile stress-strain curves of 
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4.3.9 Deformation Mode and Mechanical Property Enhancement Mechanisms 
Enhancement mechanisms responsible for the high mechanical properties of nacre have been 
investigated widely. The deformation mode is illustrated in Figure 4.24, whereby the tablets 
slide on one another, resulting in local deformation. Different models for sliding between tiles 
are illustrated
14






 which are inter-tile layers formed by 











Figure 4.24 (a) Mechanisms of damage accumulation in nacreous region through tile 
pull-out; and different models for sliding between tiles: inter-tile layer formed by (b) surface 
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For our films, the most significant enhancement mechanism is crack bridging, in which the 
organic layer acts as viscoelastic glue, as shown in Figure 4.24 (c). Crack bridging by an 
organic matrix has been demonstrated by observations during the fracture of nacre
17
 and 
calcite-polymer particle composites which have been reported recently,
34 
shown in Figure 
4.25; however, such phenomena have not been observed in artificial nacreous films yet. 
Surprisingly, crack bridging has been observed in our CCNs-gelatin system, which means our 
bio-inspired hierarchical CaCO3 bricks/polymer mortar system does not only replicate the 
structure, but also duplicates the strength enhancement mode. Crack-bridging has been 
observed by FESEM, as shown in Figure 4.26. It is observed that the gelatin was elongated 
within the crack, and the fracture toughness was enhanced since it required high energy to 
break. Besides the crack bridging by gelatin, asperities enhancement mode may also work in 
























































Figure 4.26 (a) and (b) FESEM images of cross-sectional views of fractured CCNs-gelatin 
films, showing gelatin crack bridges between CaCO3 nanotablets. 
 
Another interesting phenomenon is that when the tension was not balanced, and the crack 
started at one side of the film, the layered structure could stop the breakage efficiently. Figure 
4.27 (a) illustrates the crack propagating process of this situation. We use an extension-load 
curve instead of a strain-stress curve because it is not accurate to calculate stress in this case. 
It can be observed in Figure 4.27 (b) and (c) that, after the plastic deformation at the first 
stage, the load started increased again. It meant that the crack propagation was stopped, and 
the un-stretched part experienced elastic and plastic deformation again, followed by failure or 
another cycle. This mechanism of toughening is the resulting effect of having organic layers 
between CaCO3 nanotablets. The organic layers serve as crack deflection layers to make it 
difficult for cracks to propagate, compared to the pure materials without barriers to 
propagating cracks.
17
 The crack propagation can be observed by FESEM images of Figure 
4.28 (a), (b) and (c), which show how the cracks were deflected by the gelatin layers between 
CaCO3 nanotablets. 
























Figure 4.27 (a) An illustration of cracking, (b) and (c) different load-extension curves. 























Figure 4.28 (a), (b) and (c) FESEM images showing crack propagation and deflection in the 
layered structure. 
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4.3.10 Product Scale-up 
Batch synthesis could be easily scaled up by using larger autoclaves. Figure 4.29 shows a 
normal 50 mL autoclave we used in the reported experiments, and a large 500 mL autoclave 
which was used for scale-up experiments. All reactants and solvents were amplified ten times 
and the products remained the same with this 10-fold scale-up. Therefore, the process 
developed in this work shows great potential for industrial scale production. For example, 










Figure 4.29 Photograph of one 50 mL autoclave and one 500 mL autoclave, together with 
their Teflon liners. 
 
It is possible to produce artificial nacre on a large scale, due to the high productivity, 
convenient and time-saving preparation process. Figure 4.30 shows the different prototypes of 
larger products, such as a bulk (shown in Figure 4.30 (a) and (b), 6 cm x 6 cm x 1 cm) and a 
thick film (shown in Figure 4.30 (c) 29 cm x 20 cm x 0.3 mm). 




















Figure 4.30 Photographs of obtained composite films: (a) and (b) a monolith sample with the 
dimension of 6 cm × 6 cm × 0.9 cm, and (c) a thick film sample with the dimension of 29 cm 








In summary, for the first time we have devised a facile chemical method to synthesize 
single-crystalline CaCO3 nanotablets in large quantities and provided genuine primary 
building blocks for the construction of nacreous inorganic-organic hybrids. The nanotablets 
have been produced by the aggregation of CaCO3 nanoparticles via oriented attachment. They 
are are single crystalline, and the thicknesses of them can be controlled. Using an effective 
vacuum evaporation-induced self-assembly method, films and monoliths with tunable 
composition have been fabricated. It is shown that the film has good mechanical properties. 
Moreover, crack-bridging strength enhancement mode has been observed in this system, and 
it is the first time that crack bridges have been discovered in artificial nacreous films. In 
addition to assembling the hybrid materials which more closely resemble natural nacre, the 
highly oriented CaCO3 single crystals may also serve as a starting platform for the 
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CHAPTER 5   
CONTROLLED GROWTH OF AMORPHOUS CALCIUM 
CARBONATE HEMISPHERES-A SIMULATION OF 
CALCIUM-TRANSPORT AND DEPOSITION IN 
TERRESTRIAL ISOPODS 
5.1 Introduction 
Calcium carbonate (CaCO3) is one of the most abundant and important biominerals in nature, 
and is the main substance in seashells, corals, crab shells, pearls etc., helping fulfill specific 
tasks, such as protection, strengthening and hardening. Growth mechanisms and various 
synthetic methods have been extensively investigated in recent years,
1-18
 due to its intriguing 
formation and transition processes, crucial role in biomineralizaiton, and relavant applications 
for industry.  
There are six phases of CaCO3, including calcite, vaterite and aragonite, which are anhydrous 
crystalline polymorphs, and amorphous calcium carbonate (ACC), crystalline monohydrate 
CaCO3, and hexahydrate CaCO3, which contain water (some transient ACC may not contain 
water). Recently, more and more evidence is showing the essential role of ACC in the 
crystallization of both biogenetic and synthetic CaCO3 crystals, especially for single crystals 
with complex morphology, which is hard to obtain through a classical crystallization 
pathway.
17,19-33
 These roles were underestimated in the past, since ACC was easy to be 
overlooked using diffraction techniques, and it is sometimes very unstable and combines with 
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other CaCO3 crystals in bio-systems.
22
 Nowadays, however, much work related to ACC has 
been reported, though some formation mechanisms are still on the hypothesis level. 
ACC can be divided into stable forms and transient forms, both of which can be biologically 
or synthetically produced. Some studies have mentioned that before CaCO3 crystals were 
produced, the ACC phase sometimes first had appeared in the system and then transited into 
CaCO3 crystals.
26,27,34
 In this case, ACC is a very important transient phase during the growth 
process. Moreover, transient ACC has also been discovered in nature.
29,35
 It has been reported 
that when controlled by a certain protein, ACC would transit to calcite or aragonite phase, 
which had ordered structures or large sizes with complicated morphology. The mechanisms of 
this non-classical nucleation and transition process have been investigated by simulation and 
experiments.
30,32,36-38
 On the other hand, stable ACC has been discovered as a structural 
element in many biological systems. It remains stable and acts as the essential components of 
bio-structures, and plays a crucial role in the stiffness of creatures and acts as the growth 
substrate of CaCO3 crystals. Stable ACC has also drawn the interest of researchers for its 
unusually long lifetime and stability. In this topic, researchers usually focus on the methods 
and mechanisms of ACC stabilization.
23,24,33,39-43
 
It has been reported that terrestrial isopods, such as Porcellio scaber, change their cuticles 
through epithelial calcium-transport and biomineralization processes to prevent the excessive 
loss of Ca
2+
 when the old cuticle is shed, which is of fundamental biological importance.
44,45
 
During this process, ACC deposits within the ecdysial gap on the old cuticle containing 
organic matrix to store Ca
2+
. After the molt, the deposits are quickly resorbed to mineralize 
the new cuticle. Figure 5.1 and Figure 5.2 show the microstructure of the CaCO3 deposits and 





 transportation process. The high solubility of ACC plays an important role in 
the deposit formation and dissolution, especially for terrestrial isopods, which cannot take up 
large amounts of Ca
2+
 from seawater like marine crustaceans.  
A number of studies on the deposition and resorption of the sternal CaCO3 deposits have 
accumulated during the last decade; however, there are few reports related to the mimicry of 
such formation and degradation processes on an organic matrix or CaCO3 substrates from a 
chemistry perspective. Doing such research is a good way to understand the effects of the 
substrate on the nucleation and growth of ACC. In this chapter, we construct a system to 
closely mimic the environment and process of the biomineralization occurring in the molt of 
terrestrial isopods, through pure chemistry methods. Moreover, we also want to investigate if 
a certain substrate structure and composition can control the formation process and 
morphology of ACC.  
In the experiment, electrodeposition technology was used to produce a highly ordered 
structure of calcium-containing film on fluorine doped tin oxide (FTO) glass, which changed 
the FTO surface from hydrophobic to hydrophilic. Then, ACC hemispheres grew, supported 
by the substrate with polymer on the surface, which was stable and even. During degradation 
process, ACC transited to crystalline phases. Besides the close imitation of morphology, 
composition and processes found in the biological system, the new morphology of ACC phase 
synthesized in the experiment is another attractive aspect. Most morphologies of synthetic 
ACC are films or spheres, due to surface free energy controlling factor. Though hemispherical 
shaped ACC has been reported,
46,47
 this is the first time that freestanding ACC hemispheres 
have been synthesized using a one-step fast evaporation method.  


















 (a) Photo of an isopod; Structure of the sternal CaCO3 deposit of Porcellio 
scaber; (b) Light micrograph of the inner surface of the sternal deposits 1-4. The sternites 
have a bilateral symmetry and each half is subdivided in an anterior portion (ap) and posterior 
portion (pp); (c) and (d) Scanning electron microscopy (SEM) image of a sagittally fractured 
posterior portion. (c) Structure of the homogeneous layer (hl) and the proximal spherular 
layer (psl); (d) Structure of the distal spherular layer (dsl); (e) SEM image of a saginttally 
polished surface in the transition zone between hl and psl, after mild decalcification with an 

























Figure 5.2 Schematic presentation of the Ca
2+
 movements during the molt cycle of Porcellio 
scaber. (a) General morphology in the early premolt stage; (b) In the late premolt stage Ca
2+
 
is resorbed from the posterior cuticle into the hemolymph and transported across the anterior 
sternal epithelium (ASE) into the sternal deposits; (c) After molt of the posterior half of the 
body Ca
2+
 is resorbed from the sternal deposits and from the anterior cuticle to mineralize the 
new posterior cuticle. Arrows: direction of Ca
2+
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5.2 Experimental Section 
5.2.1 PAA/Ca
2+
 Electrolytes Solution Preparation 
0.50 g of polyarylic acid (PAA, Aldrich Chemical Company, Inc, Average Mw=1,250,000) 
was dissolved in 150.0 mL of deionized water, and 1.5 mL of 7.0 mol/L NaOH solution was 
added. The resulting solution was stirred for 24 h to make the PAA dissolve completely and 
alkaline polyacrylic acid sodium (PAAS) viscous solution was obtained. 0.50 g of calcium 
chloride (CaCl2, Merck, >=98%) was dissolved in 80.0 mL of ethanol, and 3.0 mL of PAAS 
solution was added to the CaCl2/ethanol solution and stirred vigorously for 6 h openly in air 
to make O2 fully dissolve. 
5.2.2 PAA/Ca(OH)2 Substrate Preparation 
The substrate was generated by electrodeposition process, using above electrolytes solution, 
applying a constant negative potential (-3 V) to fluorine doped tin oxide (FTO) glass working 
electrodes for different times (10 s to 30 min). A platinum spiral wire and a 
silver/silver-chloride (Ag/AgCl) electrode were used as auxiliary and reference electrodes. 
The experiments were performed with a potentiostat/galvanostat Autolab PG302N.  
5.2.3 ACC Hemisphere Preparation 
ACC hemispheres were produced supported by the substrate. 0.06 g of calcium acetate 
monohydrate (Ca(CH3COO)2H2O, Fisher Scientific) and 0.06 g of urea 
(Sigma-Aldrich, >=99.0 %) were dissolved in 50.0 mL of deionized water. The substrate was 
vertically dipped into the solution and taken out immediately, leaving a thin layer of reaction 
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solution on the top of the substrate. The substrate with the reactants solution was transferred 





5.2.4 Materials Characterization 
The crystallographic information of the prepared samples was established by powder X-ray 
diffraction (XRD; Shimadzu, model XRD-6000, Cu K radiation, and  = 1.5406 Å). 
Morphological and compositional investigations were carried out with field-emission 
scanning electron microscopy (FESEM; JSM-6700F), transmission electron microscopy and 
selected area electron diffraction (TEM/SAED; JEM-2100F, 200 kV). Fourier transform 
infrared (FTIR) spectra were recorded by a FTIR spectrometer (Bio-rad FTS-3500 ARX FTIR) 
with KBr crystal as internal reflection element. Thermogravimetric analysis (TGA; TA 
Instruments TGA-2050) was also performed to determine the chemical composition of the 
samples. The TGA measurements were carried out under a heating rate of 7
o
Cmin1 from 20 
to 900
o
C in a nitrogen stream (flow rate at 100 mLmin1). The contact angle was measured 
by a VCA optima surface analysis system. 
5.3 Results and Discussion 
5.3.1 Preparation and Characterization of Ca-Containing Substrate 
We report herein the generation of a PAA/Ca(OH)2 composite film with dimensions under a 
few centimeters through electrodeposition process, and it would change to a PAA/CaCO3 film 
after absorbing CO2. The film was constructed by the vertically staggered arrangements of 
composite thin plates (20-30 nm). There have been some reports on the growth of CaCO3 or 
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other Ca-containing materials on electrodes;
48-54 
however, the hierarchically porous structure 
of our CaCO3 films has not been reported.  
The experiment procedure used is easily repeated. The alkaline polyacrylic acid sodium 
(PAAS) viscous water solution was obtained by mixing polyarylic acid with NaOH solution. 
0.500 g of CaCl2 was dissolved in 80.0 mL of ethanol, and 3 mL of PAAS solution was added, 
which was stirred vigorously for 6 h openly in air to make O2 fully dissolve. This process 
involved the complexation of PAAS with Ca
2+
 in aqueous solution.
55-60
 After some time for 
the complexation, the colloidal droplets of PAA/Ca
2+
 complex were formed.  
Subsequently, the substrate was generated by electrodeposition process, using the above 
mixture, applying a constant negative potential (-3 V) to FTO working electrode for 10 min. 
According to previous reports, the mechanism of the electrodeposition of CaCO3 is based on 
the reduction of dissolved oxygen in water.
50,61-64
 In this method, oxygen, which was 
dissolved in an electrolyte solution, was reduced when a sufficiently negative potential was 
applied. This produced a local increment of pH and promoted bicarbonate ions at the interface 
of solution and electrode to become carbonate, and CaCO3 was precipitated on the surface of 
the electrode. The process can be described by the reactions below:  

















Based on the concepts mentioned above, some modifications have been made. Firstly, 
colloidal droplets of PAA/Ca
2+
 complex was used rather than naked Ca
2+
, which played an 
important role in controlling the crystallization during the electrodeposition. Secondly, since 





 was not added, the film deposited on the FTO was not CaCO3. Due to the excessive 
OH
-
 produced, the PAA/Ca
2+
 complex reacted with OH
-
 and PAA/Ca(OH)2 was produced to 
form a Ca-containing substrate. The substrate could either maintain on PAA/Ca(OH)2 or 
absorb CO2 in the air and change to PAA/CaCO3 substrate naturally, depending on 
environmental conditions. The PAA acted as an inhibitor and stabilizer in the ACC 
hemisphere synthesis step, which will be discussed in detailed in the next section. 
After coating, the FTO glass was taken out from the electrolyte solution and dried in a 
vacuum desiccator (less than 30 mbar) at room temperature without washing. The top view 
and cross-sectional view of the substrate are shown in Figure 5.3. It can be observed that 
PAA/Ca(OH)2 nanoplates are vertically arranged, and the thickness of the substrate is about 3 
μm, which is flat and even. The composite superstructure is constructed by the PAA/Ca(OH)2 
plates with the thickness around 10 nm to 20 nm as shown in Figure 5.3 (c), which was found 
to be hydrophilic as shown by contact angle test in Figure 5.3 (e). The XRD patterns of plain 
FTO, PAA/Ca(OH)2 film on FTO coated for 10 min, and PAA/Ca(OH)2 film on FTO coated 
for 20 min are shown in Figure 5.3 (f). Only the (100) peak of Ca(OH)2 can be observed, 




























Figure 5.3 FESEM images of (a), (b), (c) the top view of the PAA/Ca(OH)2 substrate; (d) the 
cross-sectional view of the PAA/Ca(OH)2 coated on FTO for 10 min; (e) Contact angle: 5.9
o
; 
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To verify the composition of freshly prepared film and the film after air treatment, films were 
scraped from FTO glass and collected for XRD test. Results are shown in Figure 5.4, 
demonstrating that firstly Ca(OH)2 (JCPDS 870674; lattice constants ao = 3.589 Å and co = 
4.911 Å; space group Pm1) was produced, which changed to CaCO3 after being put in moist 
air (relative humidity: 80%-90%) for three days. The phase of CaCO3 was mainly calcite 
(JCPDS 721652; lattice constants ao = 4.990 Å and co = 17.00 Å; space group Rc), and there 
was also a small amount of vaterite (JCPDS 33-268; lattice constants ao = 7.147 Å and co = 














Figure 5.4 XRD patterns of (a) freshly prepared films scraped from the FTO glass, (b) films 
scraped from the FTO glass and put into moist air (relative humidity: 80%-90%) for 3 days. 
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TGA and FTIR were used to demonstrate the composition of the products obtained at every 
step, including the complexation and electrodeposition process. Figure 5.5 illustrates the 
FTIR spectra of PAA electrolyte, colloidal droplets of PAA/Ca
2+
 complex before the 
electrodepostion, PAA/Ca(OH)2 scraped from FTO glass and PAA/CaCO3 after the air 
treatment, respectively. In Figure 5.5 (a), PAA shows major peaks at 1695 cm
-1
, corresponding 
to the C=O stretching of carboxyl groups, and peaks at 1453/1415 cm
-1
, corresponding to the 
CH2 and CH bending mode of PAA chain.
56,60
 The spectrum of PAA/Ca
2+
 is shown in Figure 
5.5 (b); the broad peak around 3450 cm
-1
 seems to correspond to absorbed water.
56
 The peak 
appears at 1556/1434 cm
-1
, corresponding to the stretching mode of ionized carboxyl groups, 
which demonstrates that Ca-O interactions have been formed.
55,56,59
 The small peak at 875 
cm
-1
 corresponds to carbonate ions, since the sample might absorb CO2 in air during the test. 
Figure 5.5 (c) shows the FTIR result of the sample scraped from FTO glass after the 
electrodeposition, the main substance of which is PAA/Ca(OH)2. New characteristic peaks 
appeared at 3651 cm
-1
 corresponding to the OH stretching in Ca(OH)2.
56,58
 The FIIR spectrum 
of PAA/Ca(OH)2 after the air treatment is shown in Figure 5.5 (d), in which the characteristic 
peak of Ca(OH)2 at 3651 cm
-1 
has disappeared and there is a new single sharp peak at 1430 
cm
-1
 and the peak at 875 cm
-1
 become higher, which corresponds to the carbonate ions in 
calcite
22




















Figure 5.5 FTIR spectra of (a) PAA powder; (b) PAA/Ca
2+
 complex before the 
electrodepostion; (c) the substrate freshly scraped from FTO glass and (d) the substrate 
scraped from FTO glass after the moist air treatment. 
 
 
Figure 5.6 shows the TGA results of PAA/Ca
2+ 
precipitates, PAA/Ca(OH)2 and PAA/CaCO3. 
According to the TGA of PAA/Ca
2+
 shown in Figure 5.6 (a), it can be observed that, 25wt% 
of water was removed at the beginning, since PAA/Ca
2+











 At the 
last stage at 600
o
C, Ca(OH)2 decomposed to CaO, and the residues left by the decomposition 
of PAA at the first stage gradually decomposed to carbon. The shape of the TGA curve of 
PAA/Ca(OH)2 (shown in Figure 5.6 (b)), is similar to that of PAA/Ca
2+
, except that the first 
decomposition stage occured at 400
o
C and resulted in 15wt% loss in weight, which means the 
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complex was less stable when Ca(OH)2 was formed. In addition, at the beginning, the 
composites lost 15wt% of water, which also means the formation of Ca(OH)2 had destroyed 
the PAA/Ca
2+
 complex. For PAA/CaCO3, which is shown in Figure 5.6 (c), the PAA 
decomposed at 500
o




















Figure 5.6 TGA scan curves of (a) PAA/Ca
2+
 complex (b) PAA/Ca(OH)2 and (c) PAA/CaCO3. 
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5.3.2 Growth Process and Mechanisms of Ca-Containing Substrate 
Details of the growth process of the substrate have been observed using FESEM, by changing 
the deposition time from 20 s to 30 min. The top view of the substrates that were coated for 0 
s, 10 s, 20 s, 40 s, 1 min, 3 min, 5 min, 10 min, 20 min and 30 min is illustrated in Figure 5.7. 
From the evolution of FESEM images of the substrates coated for different times, the growing 
process and mechanism can be deduced. When a negative potential was applied, the 
electroreduction of oxygen produced a local increment of pH, which in turn promoted 
PAA/Ca
2+
 complex to change to PAA/Ca(OH)2, the precipitation of which was achieved. 
Firstly, the PAA/Ca(OH)2 particles deposited on FTO evenly and joined together to become a 
film. After the film had been obtained, the particles started to deposit on the film, which 
formed some asperities. New PAA/Ca(OH)2 kept being deposited on the asperities and caused 
them to keep growing. After 10 min, the film with superstructures was obtained. From 10 min 
to 30 min, the thickness and density of the vertical plates become larger and larger, as shown 











































































Figure 5.7 FESEM images of the top view of PAA/Ca(OH)2 substrates coated for (a) and (b) 
0 s; (c) and (d) 10 s; (e) and (f) 20 s; (g) and (h) 40 s; (i) and (j) 1 min; (k) and (l) 3 min; (m) 

































Figure 5.8 FESEM images of the cross-sectional view of PAA/Ca(OH)2 substrates coated for 
(a) 5 min, (b) 10 min, (c) 20 min and (d) 30 min. 
 
5.3.3 Formation and Characterization of ACC Hemispheres Growing on the Substrate 
The second part of this work involved the growing of ACC hemispheres supported by the 
substrate. 0.060 g of Ca(CH3COO)2 and 0.060 g of urea were dissolved in 50.0 mL of 
deionized water. The substrate was dipped into the solution and taken out immediately, 
leaving a solution layer on the top of the substrate. The substrate with reactants solution was 
directly transferred to an oven and heated for 15 min at 80
o
C. FESEM images of the ACC 
hemispheres supported by the substrate are shown in Figure 5.9. It can be seen that ACC 
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hemispheres are distributed on the substrate homogeneously. TEM and SAED analysis 
demonstrate the phase of the hemisphere is amorphous, as shown in Figure 5.10. TEM images 
in Figure 5.10 show the structures of ACC hemispheres before and after being irradiated by 
electron beam for 2 min. It can be observed that, the irradiation treatment destroyed the 
homogeneity of the ACC, indicating that water inside the ACC played an important role in the 
ACC stabilization. After the water was removed by the electron beam irradiation effect, the 
ACC transited to different phases. SAED of Figure 5.10 demonstrates that, at the beginning, 
the sample was amorphous but with increased irradiating time, the ACC turned to crystalline 













Figure 5.9 (a), (b), (c) and (d) FESEM images of the ACC hemisphere supported by 
substrates. 























     
Figure 5.10 TEM images of (a) a freshly prepared ACC hemisphere and (b) the ACC 
hemisphere irradiated by electron beam for 2 min; SAED of an ACC hemisphere irradiated by 
electron beam for (c) 0 s, (d) 20 s, (e) 40 s, (f) 80 s and (g) 15 min. 
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The phase of the hemispheres was further investigated by FTIR, as shown in Figure 5.11. The 
substrate with ACC hemispheres was put into ethanol and ultrasonic treatment was done for 1 
s, and then the substrate was taken out quickly. This step attempted to remove ACC 
hemispheres from the substrate. The sample left in the ethanol was centrifuged and dried for 
FTIR testing subsequently. The FTIR spectrum of the sample resulted in a significant 
broadening of the peaks at 1070 cm
-1
 (υ1, the symmetric stretch in non-centrosymmetric 
structures), and a split of the 1450 cm
-1
 peak (υ3, the asymmetric stretch), which is indicative 
of a lack of symmetry in the environment of the carbonate ions, indicating the formation of 
ACC. However, the υ2 absorption peak at 875 cm
-1
, shows a slight shift to 870 cm
-1
 (which is 
at 866 cm
-1
 in ACC), indicating the mixture of ACC with a small fraction of calcite.
22
 The 
reason is that the breakage of the substrate and the drop of substrate fragments during the 










Figure 5.11 FTIR spectrum of the ACC hemispheres removed from the substrate by 
ultrasonic treatment. 
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5.3.4 Formation Mechanisms of ACC Hemispheres 
The main composition of the substrate is PAA/Ca(OH)2, which has been determined 
previously. This calcium-containing substrate made it possible to simulate the scenario of 
ACC growing processes on a calcium-containing base, like calcite or calcium phosphate 
phase, which was discovered in nature.
22
 PAA, a common electrolyte polymer on the surface 
of the substrate, can be a suitable alternative for the biopolymers existing in bio-composites. 
Growing ACC on the calcium-containing substrate with PAA on the surface is an appropriate 
setup for simulating the biomineralization process of the coexistence of ACC and other 
Ca-related crystals, separated by organic layers or membranes in some bio-systems, such as 
skeletal tissues or the parts of some isopods.
22,44,65-67
 
The mechanism of the growing process was estimated using the basic principles of ACC 
formation and some experimental demonstrations, and it is illustrated in Figure 5.12. In this 
process, the substrate played an essential role. The arrangement of PAA/Ca(OH)2 nanoplates, 
the hydrophilic property, the PAAS on the surface of the substrate are all essential conditions 
for the ACC hemisphere formation. When the reaction began, urea was hydrolyzed into CO2 
and NH3, and CO3
2-
 was produced, which reacted with Ca
2+
 to form ACC clusters.
26,27,32
 On 
the other hand, since this was an open system, water on the surface evaporated quickly at high 
temperature, which meant the concentration of the ACC clusters near the surface was higher 
than that inside the solution, leading to easier and quicker aggregation. When the 
concentration of the ACC clusters reached a critical point, they attached to each other and 
aggregated to an ACC seed. Then other clusters in the solution attached to the seed and joined 
together to form a hemisphere because spherical shape is the most stable morphology in 
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solution. The reaction finished after a short time because the water evaporated quickly, 
leaving ACC hemispheres on the surface of the substrate, preventing the recrystallization of 
the ACC to other crystalline phases. It can be observed that the top faces of the hemisphere 
shown in Figure 5.13 (a) and (b) are not perfectly plain. In the middle of the plane, there is 
one point higher than the surrounding parts, and it is the evidence that the formation started 
on the solution surface. When the aggregation began at that point, it needed to spend some 
time growing larger. During this process, the level of the solution decreased, and caused the 
























Figure 5.13 (a) and (b) FESEM images of ACC hemispheres showing the starting point of the 
aggregation. 
 
According to the mechanisms proposed, two crucial parameters play crucial roles in the 
formation of the ACC hemispherical structure. The first parameter is the property of the 
substrate. The second one is the concentration gradient of the ACC clusters in the solution 
during the reaction, which is controlled by the decomposition rate of the urea and the 
evaporation rate of the water, determined by the reaction temperature. These two parameters 
will be discussed in detail in the following. 
For the substrate, the first property which should be mentioned is the small amount of PAAS 
on the surface, left from the substrate producing step (the substrate was directly taken out 
from the deposition solution containing PAAS without washing). PAAS is considered as an 
important additive in CaCO3 mineralization because it can cover and stabilize ACC, inhibiting 
the crystallization of CaCO3.
46,68,69
 In this case, PAAS plays two different roles as both 
stabilizer and inhibitor. Some PAAS dissolved in the reactants solution, and acted as the 
stabilizer of ACC phase. And other PAAS, which adsorbed on the surface of the substrate, 
inhibited the classical heterogeneous nucleation and growth of CaCO3 on the substrate surface. 
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Through the mechanisms proposed above, the aggregation of ACC occurred in the system, 
instead of the classical nucleation and crystal growth of CaCO3. In addition, the ACC 
hemispheres grew at the interface of the solution and the atmosphere, instead of growing on 
the substrate. Heterogeneous nucleation on the substrate can reduce the nucleation barrier, 
which is favorable. However, in this work, PAAS on the substrate inhibited the nucleation of 
CaCO3 on the substrate, making the nucleation on the interface favorable. This can be 
confirmed by the fact that different morphologies were obtained when the substrate was 
washed with ethanol and the PAAS had been removed from the substrate surface.  
In the experiment, the substrate was washed with ethanol to remove the PAAS on the surface 
after the electrodeposition process, and then was utilized for producing ACC hemispheres. 
Figure 5.14 shows the structures obtained by the substrate after the washing treatment. For the 
sample shown in Figure 5.14 (a), PAAS on the surface was removed, but PAAS was added 
manually into the reaction solution, and the concentration of PAAS was the same as the 
electrolyte. It can be observed that small CaCO3 spheres grew on the substrate instead of 
growing in the solution, which demonstrated the inhibiting role of PAAS on the substrate 
surface. Figure 5.14 (b) shows the sample obtained by the substrate washed with ethanol and 
the reaction solution without addition of PAAS. It can be observed that not only did 
heterogeneous nucleation happen on the substrate this time, but the spherical morphology was 
also changed. The new product was not amorphous phase anymore, since without PAAS in 
the solution, ACC could not be stabilized. These two controlled experiments demonstrated the 
inhibiting and stabilizing roles of PAAS on the growth of ACC hemispheres. 
 









Figure 5.14 (a) CaCO3 grew on the substrate washed with ethanol to remove the PAAS, using 
the reaction solution containing PAAS; (b) CaCO3 grew on the substrate washed with ethanol 
to remove the PAAS, using the solution without PAAS. 
 
In addition to the importance of the composition, the roles of the vertically arranged 
superstructure and hydrophilic property of the substrate should not be underestimated. The 
hydrophilic substrate could hold proper volume of the reaction solution and make the solution 
film spread out evenly with the proper thickness - not too thin to produce enough ACC 
clusters or too thick to affect the hemispheric morphology of ACC. Furthermore, after the 
ACC clusters appeared in the solution, the hydrophilic substrate with unique structures could 
hold the solution droplet at a certain position. This prevented the diffusion or fluid convection 
of the clusters in the solution during the heating and water evaporation process, which might 
cause the clusters to move freely and destroy the arrangement of the clusters. 
To investigate the effect of the morphology and hydrophilic properties of the substrate, 
different kinds of substrates were used to grow ACC hemispheres. The results are shown in 
Figure 5.15. Figure 5.15 (a) is the structure growing on plain FTO as the substrate, using 
coating solution with PAAS, CaCl2 and urea. The result is that ACC hemispheres were not 
observed, but some ACC films were discovered. In this case, because FTO is hydrophobic, 
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the water droplet on the surface was much thicker than that on the hydrophilic one. In 
addition, the flow of the solution was free, which meant that the obtained ACC clusters could 
move freely and aggregate together during the reaction. As a result, only some large, irregular 
ACC structures were obtained. Figure 5.15 (c) and (d) show ACC structures growing on the 
substrates electrodeposited for 20 s and 3 min respectively. Since there was already 
PAA/Ca(OH)2 deposited on the FTO surface, the surface has already been changed from 
hydrophobic to hydrophilic. The difference between these two substrates and the typical 
substrates was only in the surface morphology. It can be observed that, some connected ACC 
hemispheres were formed instead of independent ones, which means that the hydrophilic 
properties made it possible to grow ACC hemisphere structures but independent hemispheres 
could not be obtained because of the improper surface structure. The substrate should be thick 
enough to support and hold the solution droplets with proper size, which contain the 
























Figure 5.15 (a) and (b) ACC grew on the plain FTO; (c) ACC grew on the substrate coated 
for 20 s and (d) ACC grew on the substrate coated for 3 min.  
 
Besides the influence of the substrate, temperature is another critical parameter determining 
the unique structure of ACC. The control experiment related to temperature not only 
demonstrates the interface aggregation growth mechanisms at another angle, but also makes it 
possible to tune ACC structures from plates to hemispheres and then to spheres. When the 
property of the substrates remained the same, the structures of ACC products were controlled 
by the concentration of the clusters, which were determined by water vaporization rate and 
urea decomposition rate. These two parameters were both controlled by the reaction 
temperature. The higher the temperature, the faster water evaporated, and the faster urea was 
hydrolyzed.  
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Figure 5.16 shows ACC structures obtained at different reaction temperatures. At 70
o
C shown 
in Figure 5.16 (a), the decomposition rate of urea was low. The evaporation of water caused 
the higher concentration (or supersaturation) of ACC clusters near the surface than that inside, 
which was high enough to make the aggregation take place on the surface of the solution 
rather than inside of the solution. It can be observed that the structure obtained at 70
o
C is not 
a standard hemisphere compared to the typical structure, but a transition structure between a 
hemisphere and a sphere. Moreover, the starting point in the middle is higher than that of the 
hemisphere obtained at 80
o
C (shown in Figure 5.16 (b)) because the evaporation rate of the 
water was slower and the near-flat face surface formation on the interface lasted longer. This 
also demonstrated that, the nucleation site of the hemisphere was on the surface of the 
solution. At 85
o
C, the structure of obtained ACC is no longer a complete hemisphere, but 
more like a plate. In this case, since the evaporation rate was very much increased, the 
reaction time was not enough for ACC clusters to construct a complete hemisphere. By 
contrast, at 90
o
C, the nucleation position changed. The rate of urea decomposition was high, 
which caused high supersaturation inside the solution. In this case, the formation took place 
































5.3.5 Transition Process of ACC Hemispheres  
For Porcellio scaber, the sternal ACC deposit formation takes place within the ecdysial gap, 
which was filled by a fluid. After the posterior molt, the CaCO3 deposit is resorbed and used 
to mineralize the new cuticle. Figure 5.17 illustrates the FESEM image of degrading 
spherules during the resorption, which is degrading in a way that exposes a large surface via 
the formation of deep holes and crevasses.  
 















FESEM image of the sternal CaCO3 deposits of Porcellio scaber. During the 
resorption of the deposits, the surface area of the degrading spherules is increased by the 
inhomogeneous dissolution of core material. 
 
The transition process in our system was also investigated by putting the sample in a humid 
environment at room temperature (Temperature: 22
o
C, relative humidity: 80%-90%). Figure 
5.18 shows the morphology changing within three weeks, and the ACC hemispheres with 




















































Figure 5.18 FESEM images, showing the morphology of the ACC hemispheres during the 
degradation process for (a) 0 day, (b) 0.5 day, (c) and (d) 1.5 day, (e) and (f) 4.5 day, (g) and 
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Figure 5.19 shows the change in the inner structure of the hemisphere and the crystallization 
process, using TEM, SAED and HRTEM, which illustrate that the ACC hemisphere gradually 
became a porous crystal. According to the measurements of the crystal lattice and the analysis 





























































Figure 5.19 The structure and crystal type evolution of ACC hemispheres during the 
degradation process observed by (a) TEM, (b) SAED and (c) HRTEM of 1.5 day; (d) TEM, (e) 








To sum up, in this work, we have built a system to simulate the ACC deposition and 
resorption processes taking place in the gap between the old and new cuticles of isopods 
during their molting period. The system includes a Ca-containing substrate and ACC 
hemispheres growing on the top of the substrate. Hydrophilic substrate with vertically 
staggered PAA/Ca(OH)2 thin sheets superstructure has been produced by electrodeposition 
techniques. Utilizing the special surface morphology, composition and hydrophilic property 
of the substrate, ACC hemispheres have been produced supported by this Ca-containing 
substrate. PAAS on the surface of the substrate played a decisive role in the formation of ACC 
hemispheres, acting as both stabilizers of ACC in solution and attaching inhibitors on the 
substrate. Changing reaction temperature during the ACC formation caused the morphology 
transformation of the ACC from plates to hemispheres then to spheres. Moreover, transition 
process has been investigated as well. As a result, this is a good system to simulate the 
biomineralization process of the coexistence of ACC and other Ca-related crystals, separated 
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CHAPTER 6   
SYNTHESIS OF CALCIUM CARBONATE 
ASYMMETRIC COILED STRUCTURES ON 
WATER/OIL INTERFACE THROUGH AMORPHOUS 
PRECURSOR TRANSITION PATHWAY 
6.1 Introduction 
“Understanding the formation of asymmetrical shapes during the growth of symmetrical 
crystalline structures is a first step towards understanding asymmetry in biology.”1 In 
biological systems, there are many examples of asymmetry, for instance, there are small 
molecules like chiral amino acids, macromolecules such as the DNA double helix, and 
macrostructures like the coiled shells of snails and conches, shown in Figure 6.1 (a), (b) and 
(c). Though various studies have been done on such asymmetric structures especially at the 
molecular level, the origin and process of asymmetric biomineral formation at the 
macroscopic level still need to be further investigated. Calcium carbonate (CaCO3) is the 
main inorganic component of many important bio-structures, like seashells, corals and 
cuticles of crustaceans (crabs, lobsters etc.), which fulfills specific tasks, such as protection, 
strengthening and hardening.
2
 One interesting phenomenon is that many CaCO3 biominerals 
have complex structures.
3
 For instance, the complex structure of the chiral disc-shaped 
elements of a coccolith body and spicules from Pyura pachydermatina are shown in Figure 
6.1 (d) and (e). It can be easily observed that those complex asymmetric structures are not the 
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equilibrium morphology of CaCO3 crystals, and it is extremely difficult to simulate such 

















Figure 6.1 Illustrations of (a) the molecular structure of chiral amino acid; (b) the DNA 
double helix; (c) the coiled shell of a snail; (d) the disc-shaped elements of a coccolith, 
displaying the chirality of the single crystal;
4
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Much work has been reported, including the studies of biogenic CaCO3 and synthetic CaCO3, 
due to the significant functions of CaCO3 in bio-systems and the abnormal morphology found 





 crucial roles in biomineralization
20-24
 and applications 
for biomedical research.
25
 Amorphous calcium carbonate (ACC) is the most unstable phase 
among the six known forms of CaCO3, and it has been starting to draw more and more 
research attention in the last two decades. It has been found to play important roles in both 
biological systems and synthetic processes.
17,26-34
 ACC can be divided into stable form and 
transient form, both of which can be biologically or synthetically produced.  
In biological systems, stable ACC is the essential components of some bio-structures, and acts 
as mechanical stiffeners to sustain mechanical forces from different directions.
3
 Biogenic 
transient ACC usually acts as a precursor phase for calcite or aragonite to form large single 
crystals with complex morphology, since the isotropic ACC is easy to be shaped into required 
structures. On the other hand, many studies have been reported on stable and transient 
synthetic ACC;
26,35-46
 however, unlike biogenic ACC, the shapes of synthetic ACC are usually 
simple spheres, particles and films. Crystals with complex shapes can be obtained by hard 
template methods,
5,47-50
 or in the presence of some polymers,
33,51
 but reports related to the 
preparation of complex, asymmetric crystalline structures without the assistance of templates 
or large molecules are rare. In this chapter, we will report asymmetric, coiled structures of 
CaCO3 growing on the interface between water and oil by a CO2 diffusion method, which 
demonstrates that complex crystals can be obtained through ACC precursor transition 
pathway, without the assistance of polymers, hard template or chiral molecules. 
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On the other hand, the formation mechanisms of ACC is another hot topic since it plays a 
crucial role in biomineralization,
52
 which is remarkably different from classical crystallization. 
Much work has been done on this topic, including the growing process 
observations,
17,28,33,39,43,53-56





 as well as simulations.
61,62
 There are some studies describing the 
liquid-like characters of the prenucleation clusters of amorphous phases,
51,62
 which now have 
been widely accepted. In fact, the formation of liquid metastable phases has been discussed 
long ago. It is said that in accordance with rules first recognized by Ostwald, when a 
substance begins to separate from a solution, so making its first appearance as a new phase, it 
always makes its appearance first as a liquid.
63
 However, although much evidence has been 
put forth for this, the typical morphology of spinodal decomposition, a worm-like shape has 
not been observed in ACC system. In our study, this morphology has been observed, which 
fills that gap. The growth process, coiling mechanisms and the control of morphology are 
discussed in this study. A new concept has been drawn, that complex structures can be formed 
by the uphill diffusion of spinodal decomposition, the imbalanced attachment of 
prenucleation clusters and the transition of amorphous phase. 
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6.2 Experimental Section 
6.2.1 Preparation of CaCO3 Coiled Structures 
In the synthesis of CaCO3 helix, 0.500 g of calcium chloride (Merck, >=98%) was added into 
50.0 mL of deionized water in a 100.0 mL glass culture bottle. 0.3-1.5 mL of 16%-32wt% 
ammonium hydroxide (Merck) was added into the solution. 0.025 mL of oleic acid (Aldrich, 
technical grade, 90%) was added into 1.0 mL of toluene (J. T. Baker, A.C.S. reagent, 100%) 
and the obtained homogenous solution was dropped on the surface of the CaCl2/NH3.H2O 
solution. Thus, an interface was obtained between the water and oil phase. A waiting time of 
3 min was allowed, in order to make sure the oil phase evenly spread out, and the glass bottle 
was then sealed with parafilm with small holes on it. 50 mL of CO2 gas (22
o
C, 1 atm.) was 
drawn by a syringe with a needle and pumped into the bottle above the surface of the toluene 
within 30 s. Then the bottle was capped and kept undisturbed for 10 s to 18 h. After the 
reaction, the cap was removed. The oil phase still existed so argon gas was pumped above the 
surface to evaporate the toluene. The oleic acid was reacted with Ca
2+
, which formed a 






















Figure 6.2 Schematic illustration of the experimental procedure: (1) CaCl2 and ammonium 
hydroxide were added into 50.0 mL of deionized water in a 100.0 mL glass culture bottle; (2) 
toluene with oleic acid was dropped on the surface of water phase; (3) a waiting time of 3 min 
was allowed; (4) the glass bottle was sealed with parafilm with small holes on it; (5) CO2 gas 
was drawn by a syringe with a needle and pumped into the bottle above the surface of the 
toluene; (6) the bottle was capped and kept undisturbed for 10 s to 18 h; (7) toluene was 
evaporated and a calcium oleate thin film with CaCO3 was obtained. 
 
6.2.2 Materials Characterization 
The crystallographic information of the prepared samples was established by powder X-ray 
diffraction (XRD; Bruker, model D8 ADVANCE with DAVINCI design, Cu Kα radiation, and 
λ = 1.5406 Å). Morphological and compositional investigations were carried out with 
field-emission scanning electron microscopy (FESEM; JSM-6700F), transmission electron 
microscopy (TEM; Joel JEM-2010, 200 kV), and high-resolution TEM (HRTEM; JEM-2100F, 
1           2            3          4 
5             6            7           
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200 kV). Fourier transform infrared spectroscopy (FTIR, Bio-Rad) was used to obtain the 
chemical bonding information of products using the potassium bromide (KBr) pellet 
technique. The phase information was observed by a light polarized microscope (Leica 
Microscope).  
6.3 Results and Discussion 
6.3.1 Preparation and Characterization of CaCO3 Coiled Structures 
The heterogeneous nucleation and growth of CaCO3 on films, SAMs and interfaces have been 
studied widely, in the presence of different surfactants, metallic ions, biological 
macromolecules and polymers.
13
 These additives can either induce or control the phase and 
morphology of CaCO3. For our work, we present the formation of a CaCO3 coiled structure on 
the interface between oil and water through a CO2 gas diffusion process which is illustrated in 
Figure 6.3. In the water phase, 0.500 g of CaCl2 and different volume of NH3.H2O at various 
concentrations were added. The oil phase was toluene, in which oleic acid was added, acting 
like initiation points and substrates for CaCO3 growth. When the toluene/oleic acid solution 
was added on the surface of water, it spread out, and some of the oleic acid was transferred on 
the interface. Since the water solution was alkaline, -COOH became -COO
-
 to connect with 
Ca
2+
 and a calcium oleate layer was formed. In addition, some oleate ions might dissolve into 
the water, the concentration of which was about 1.67 x 10
-7
 M (calculated by Ksp
64
 of calcium 
oleate and the concentration of Ca
2+
 in the solution). During the reaction, CO2 was diffused 
into the alkaline solution through the interface and became CO3
2-
, to react with Ca
2+
. After the 
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reaction, argon gas was pumped above the surface in order to evaporate the toluene, and a 









Figure 6.3 Illustration of the synthetic system. 
 
Figure 6.4 shows several typical coiled structures of CaCO3 growing on the film observed by 
FESEM. It can be observed that the helix structure looks like the structure of snails shells or 























Figure 6.4 The typical morphologies of coiled structures observed by (a) FESEM, (b) SEM, 
(c) FESEM and (d) SEM. 
 
XRD was used, to obtain the crystallographic information of the 12 h final product. The film 
was subjected to the toluene removing treatment for 30 min and then was taken out from the 
bottle and dried for 30 min. The XRD result is shown in Figure 6.5. It can be observed that 
the film contains calcium oleate substrate
65
 and calcite (JCPDS 721652; lattice constants ao = 
4.990 Å and co = 17.00 Å; space group Rc). The (104) peak of calcite is the strongest, which 
means the growth direction of CaCO3 on the interface is mainly along the [104] direction. 
 
 













Figure 6.5 XRD pattern of the typical film reacted for 12 h. 
 
Figure 6.6 reveals the FTIR spectrum obtained from a typical sample. Three bands at 3005, 
2920 and 2850 cm
-1
 are attributed to the C–H stretch in C=C–H, asymmetric –CH2– stretch 
and symmetric –CH2– stretch, respectively. It has to be mentioned that the C=O stretch band 
of the carboxyl group, which might be present at 1710 cm
-1
 is absent in the spectrum. Instead, 
at 1419 cm
-1
, υ1(COO) for COO–Ca complexes occurs.
66
 The bands at 1577 and 1541 cm
-1
 
can be attributed to the asymmetric stretching modes of oleate ions from the calcium oleate, 
and can be related with the unidentate and bidentate complex types, respectively.
67
 This 
demonstrates that the organic substrate is not an oleic acid film, but a calcium oleate film after 
the reaction. In addition, the band at 875 cm
-1
 is attributed to the carbonate out-of-plane 
bending absorption related to calcite. 












Figure 6.6 FTIR spectrum of the typical film reacted for 12 h. 
 
6.3.2 Growth Process of CaCO3 Coiled Structures 
As mentioned above, the transition of ACC to crystalline phase is the key process in the 
formation of complex structures, so it is necessary to investigate if there was ACC formed 
during the reaction. Figure 6.7 illustrates the XRD patterns of different samples which reacted 
for 10 min, 210 min and 12 h respectively, scanned once for every ten minutes for each 
sample. The phase evolution of the sample, which reacted for 10 min, underwent the toluene 
removal treatment for 30 min and was subsequently dried for 10 min, is shown in Figure 6.7 
(a) and (b). Some peaks related to calcite and calcium oleate substrate can be observed. In 
addition, broad reflections (from 25° to 38° and from 40° to 54°) can be observed, which are 
attributed to ACC. It can be observed from the 2D stack patterns that the proportion of ACC 
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phase, reflected by the intensity of the broad reflections, decreased quickly within 30 minutes, 
and the intensity of the substrate remained the same. From the 3D stack patterns, it can be 
seen that the intensity of calcite increased. From the intensity change of ACC and calcite, it 
can be demonstrated that the ACC has transited into calcite after being taken out from the 
reaction solution for some time. This group of XRD patterns has confirmed the presence of 
ACC, especially at the early stage. As shown in Figure 6.7 (c) and (d), the sample which 
reacted for 210 min still had ACC phase, but the ratio of it to the crystalline phase is smaller 
and the transition rate is faster. The ACC phase could not be detected after 10 min. In the late 
stage which reacted for 12 h, shown in Figure 6.7 (e) and (f), small amounts of ACC could be 
detected and some calcite crystals with different orientations rather than the [104] formed. It 
means that during the reaction, ACC transited to crystalline phase gradually, and the 
newly-formed ACC on the top of the film could be tested by XRD since it did not have 


















































































Figure 6.7 XRD patterns of samples reacted for (a) and (b)10 min; (c) and (d) 210 min; (e) 
and (f) 12 h. Samples have been subjected to toluene removing treatment under argon gas 
atmosphere for 30 min and dried for 10 min before XRD test. 
 
Chapter 6 Synthesis of Calcium Carbonate Asymmetric Coiled Structures 
216 
 
FTIR spectra of the samples which reacted for 10 min and 210 min are shown in Figure 6.8. It 
can be observed that there is no obvious difference in the whole spectra between these two  
samples, which is the same as the spectrum of the final product reacted for 12 h (as shown in 
Figure 6.6), shown in Figure 6.8 (a). The detailed spectrum in the region of 1000-500 cm
-1
 is 
shown in Figure 6.8 (b). The band at 875 cm
-1
 is attributed to the carbonate out-of-plane 







































Figure 6.8 FTIR spectra of samples reacted for 10 min and 210 min. (a) The whole spectrum; 
(b) the detailed spectrum in the region of 1000-500 cm
-1
. Samples have been subjected to 
toluene removing treatment under argon gas atmosphere for 30 min and dried for 10 min 
before FTIR test. 
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In addition, to further confirm the presence of ACC during the reaction, the film which 
reacted for 10 min and underwent the toluene removal treatment with argon gas for 30 min, 
was taken out from the glass bottle and directly put into ethanol solution. It is surprising that 
the ACC phase could not be detected after the washing treatment by ethanol. As shown in 
Figure 6.9 (a), the sample washed with ethanol was also scanned using XRD every ten 
minutes; however, there was no obvious change of the intensity. The XRD comparison of the 
sample washed with ethanol and without washing is shown in Figure 6.9 (b). It can be easily 
seen that, after being washed with ethanol, only the peaks of calcium oleate film and calcite 
can be observed, which means that the amorphous part can be easily removed by ethanol. It 
has been reported that ACC precursor flows like a slightly viscous liquid, suggesting that at 
the early stage, the aggregation of precursor droplets is the dominant mechanism rather than 
atom-by-atom growth.
51
 This liquid-like character of ACC precursor is very similar to that of 





























Figure 6.9 XRD patterns of (a) the sample washed with ethanol and scanned every ten 
minutes; (b) comparison of samples washed with ethanol (the pattern in green color) and 
without washing treatment (the pattern in orange color). 
 
The growth process could be observed in detail from the different structures obtained in the 
different reaction stage. Since this system contains many controlling parameters, and the 
reaction is quite fast and hard to control, it is very difficult to obtain specific structures just by 
varying some simple parameters, such as reaction time or the volume of gas. Sometimes we 
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even discovered different reaction stages or various structures on the different zone of one 
film. As a result, what we did was to vary some parameters and observe enough samples, and 
judge which stage the reaction was at, depending on the CaCO3 structure. Some rules and 
conclusions could be drawn but controlling the reaction and crystallization process accurately 
was difficult in our reaction systems. Figure 6.10 shows FESEM images at different reaction 
stages. The reaction could be stopped by putting the glass bottle without a cap directly in 
argon gas atmosphere. CO2 was removed, and the growth of CaCO3 was stopped. 




, were quite 
high, which means the supersaturation was high. At the beginning of the reaction, clusters 
were quickly formed near the interface and attached to the –COO- on the interface, and then 
coalesced and solidified into ACC film, shown in Figure 6.10 (a) and (b). It should be 
mentioned that since the transformation from ACC to crystals is very fast, the film has 
probably already turned to a crystalline phase when they were observed under the microscope; 
however, the structure did not change much because these films were quickly dried after 
being taken out from the reaction solution. At the beginning of the reaction, the concentration 
of CO2 was the highest due to the injection method. As long as the concentration of CO3
2-
 is 
high enough, ACC kept forming and the film became thicker. It could be observed that during 
the growth process, the growth rate of ACC in different areas was not exactly the same, 
leading to the different thickness and roughness of the ACC film and some boundaries. When 
CO2 was consumed to a sufficient extent, the reaction proceeded to the next stage.  
At this stage, ACC started to grow on active points instead of forming large film on the 
previous obtained surface. It already could be observed some notches in Figure 6.10 (b). The 
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prenucleation clusters started to attach to those active points, and some asperities were formed, 
as shown in Figure 6.10 (c) and (d). Then the ACC structures grew larger and started to coil, 
as shown in Figure 6.10 (e); some of them grew into long and thin rope-like structures with 
lower curvatures and some of them grew into helical structures. Since ACC was not stable 
and the concentration of CO3
2-
 became lower and lower, crystalline part started to grow on the 
formed coiled structure, forming tail-like structures. Unlike ACC, the tail-like parts grew 
along certain directions, and this indicated that they were probably crystalline. At the last 
stage shown in Figure 6.10 (m) and (n), recrystallization happened between the ACC film and 
the coiled structures. It can be observed that the ACC film near the coiled structures dissolved. 
And the surface of the CaCO3 helix became rough and was covered with small particles. This 
is the evidence that the coiled structures had already crystallized since it is more stable and 
has lower solubility than the film part. Table 6.1 lists the reaction conditions and parameters 

















































Figure 6.10 (a) and (b) FESEM images of the ACC film; (c) and (d) FESEM images of the 
ACC film with some knots; (e) and (f) SEM images of the ACC film with some asperities; (g), 
(h) and (i), SEM images of the ACC film with coiled CaCO3; (j) SEM image, (k) and (l) 
FESEM images of CaCO3 coiled structures with crystalline tail; (m) and (n) FESEM images 
of crystalline CaCO3 coiled structures. 
 
 
Table 6.1 Preparative parameters of structures at different reaction stage. 
 






Volume of CO2 
(mL)  
Reaction time 
Figure 6.10a, b 1.0 22.5 50 1 min 
Figure 6.10c, d 1.0 22.5 50 10 min 
Figure 6.10e, f 1.0 32 50 3.5 h 
Figure 6.10g, h, i 1.0 32 50 12 h 
Figure 6.10j, k, l 1.0 22.5 50 12 h 
Figure 6.10m, n 1.0 22.5 50 18 h 
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6.3.3 Mechanisms of Asymmetric Structure Formation 
There are four pathways of classical and non-classical crystallization, shown in Figure 6.11. 
Since the obtained structure is complex and asymmetric, and is not equilibrium morphology, 
the pathway should not be (a) or (b), which lead to equilibrium shape. Moreover, there were 








and a small amount of oleate ions in the 
water phase and small crystals adsorbed with those ions were not discovered during the 
reaction so pathway (c) should also be excluded. According to the obtained morphology and 
the XRD results, the crystallization pathway should be the non-classical one, illustrated in 
Figure 6.11 (d).  
On the other hand, as mentioned in Figure 6.9, the ACC precursor could be removed easily by 
the immersion in ethanol, which suggests the liquid-like form of the ACC precursor. The 
morphology evolution observed by FESEM in Figure 6.10 shows the worm-like structures. 
The coiled structures further demonstrate the formation mechanism is through the ACC 
precursor pathway, because they are the typical morphologies of spinodal decomposition, a 
phase separation occurring spontaneously without the presence of a classical nucleation 
step.
68-71
 Before this study, as far as we know, there were not any reports about such 
worm-like structures discovered in ACC formation systems since classic spinodal 
morphology is difficult to observe. Although such morphology is only an indication of the 




















Figure 6.11 Four pathways of classical and non-classical crystallization. Pathway (a) 
represents the classical crystallization pathway where nucleation clusters form and grow until 
they reach the size of the critical crystal nucleus growing to a primary nanoparticle, which is 
amplified to a single crystal (path a). The primary nanoparticles can also arrange to form an 
iso-oriented crystal, where the nanocrystalline building units can crystallographically lock in 
and fuse to form a single crystal (oriented attachment, path b). If the primary nanoparticles get 
covered by a polymer or other additive before they undergo a mesoscale assembly, they can 
form a mesocrystal (path c). Note: Mesocrystals can even form from pure nanoparticles. 
There is also the possibility that amorphous particles are formed, which can transform before 
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Figure 6.12 illustrates HRTEM images of the obtained helix structure, including the coiled 
part (shown in Figure 12 (a), (b) and (c)) and the straight part (shown in Figure 6.12 (d), (e), 
(f) and (g)). As can be seen in Figure 6.12 (a) (b) and (c), the final product of the coiled 
structure is poly-crystalline, which is aragonite (JCPDS 760606; lattice constants ao = 4.959 Å, 
bo = 7.964 Å and co = 5.737 Å; space group Pmcn). This further demonstrates that the growth 
mechanism should involve the transformation from the amorphous phase to the crystalline 
phase, whereby some crystalline grains and boundaries formed. Unlike the coiled structure, 
the straight part is single-crystalline, which is also aragonite, and the growth direction is along 
the [111]. It seems that the straight part of the products grow via the first pathway, which is 
the growth in volume from a small crystal to a larger single crystal by the attachment of ions. 
This means that for this situation, the growing origin or the starting point of such single 
crystals has already crystallized so the straight tail part should grow on the crystallized coiled 

































Figure 6.12 (a) and (b) TEM images, (c) HRTEM image of the coiled head part of CaCO3; (d) 
TEM image and (e) HRTEM image of the straight part of CaCO3; (f) TEM image and (g) 
HRTEM image of the fibrous straight tail part of CaCO3. 
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The crystalline phase was further observed through a polarized microscope, which is shown 
in Figure 6.13. The straight tail parts are much brighter than the coiled parts, and this 







Figure 6.13 (a) and (b) Polarized microscope images of the film. 
 
According to the observations and analysis above, the growth evolution can be described, as 
illustrated in Figure 6.14. Firstly, ACC prenucleation clusters (in this situation, clusters mean 
the highly hydrated liquid-like droplets) formed near the interface and then attached to the 
interface to solidify into smooth ACC film.
45,51,62
 When the reaction proceeded, some ACC 
knots grew on some active points of the ACC film, which was probably still hydrated. Then 
new formed clusters attached to the knots, and formed coiled structures, which transited to 
crystals gradually. “New-born” clusters kept attaching and forming asymmetric structures. At 
the other early-formed side, ions attached to the “older” part of the structure, which had 
already crystallized, and formed the straight single-crystalline tail part. 
 
 

















































Figure 6.14 Illustrations of the growth evolution of the coiled structure: (a) clusters attached 
to the interface and solidified into ACC film; (b) ACC knots formed; (c) clusters attached to 
the knots, and formed coiled structures; (d-f) ions attached to the earlier-formed crystalized 
part to form straight “tails”, and clusters kept attaching to the later-formed ACC part.  
Chapter 6 Synthesis of Calcium Carbonate Asymmetric Coiled Structures 
231 
 
The mechanism of the coiled structure formation is also proposed, which is shown in Figure 
6.15. The ACC prenucleation precursor pathway via the liquid-solid transition and the 
liquid-like character of the precursor has been formerly proposed and demonstrated. As a 
result, the coiling mechanism is raised based on some prediction according to the principle of 
spinodal decomposition.
68-70,74
 Since there is no thermodynamic barrier to the reaction inside 
of the spinodal region, the phase separation is determined by diffusion. As a result, the 
process can be treated as a diffusion problem.
75
 Spinodal decomposition involves uphill 
diffusion, where the direction of the diffusion is from low concentration to high concentration. 
Thus, we assume that an initially homogeneous solution developed the fluctuations of the 
ACC concentration, and the supersaturation could reach to the spinodal region. Then the 
knots and the worm-like structures started to form. The solutes diffused to the area at higher 
concentration when the clusters attached to the knots on the film. The position of the 
attachment was random, since the ACC phase is isotropic. Most of the time, after the 
attachment, the obtained structure was not totally straight on the film or completely vertical to 
the film. In this case, it led to different growth rates at the different sides of the structure.  
Figure 6.15 (a) and (b) illustrate the contribution of solutes (or clusters) for different sides. It 
can be observed that a larger volume of the solutes can reach the outside part. Since the 
number of the clusters that reached the outside of the curve is larger than that reaching to the 
inside of the curve, the growth rate of the outside part is higher, leading to the coiled structure 
during the growth process. As long as the ACC is not crystallized and the growth rate of the 
different sides is not the same, the structure keeps growing in a coiling manner.  
 




















Figure 6.15 Illustrations of the formation mechanism of the coiled structure: (a) 3D 
illustration of the solutes (or clusters) contribution for different sides, which can be observed 
that a larger volume of the solutes can reach the outside part; (b) 2D illustration of the solutes 
(or clusters) contribution for different sides, which can be observed that a larger volume of 
the solutes can reach the outside part. 
 
Depending on the different types of asymmetric growth, different asymmetric structures could 
be obtained, some of which grew in a coiling manner near the film or totally on the film, like 
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the simulation illustration shows; some of them coiled vertically; some of them changed 
coiling direction from clockwise to anti-clockwise during the growth process and some of 
them just grew straight without turning to other directions. These structures are shown in 
Figure 6.16 and the preparative parameters are listed in Table 6.2, though there are not as 
many of them as the typical structures, shown in Figure 6.4 and Figure 6.10. Their growth 



























Figure 6.16 (a) FESEM image of the coiled structure growing on the film; (b) FESEM image 
of the coiled structure coiling vertically; (c) SEM image of the coiled structure growing above 
the film; (d) and (e) SEM images of the coiled structure coiling vertically; (f) FESEM image 
of the complex coiled structure; (g) FESEM image of the straight CaCO3 structure; (h) SEM 





Table 6.2 Preparative parameters of the different coiled structures formation. 
 










Figure 6.16a, b 1.0 22.5 50 12 h 
Figure 6.16c, d, e 1.0 32 50 12 h 
Figure 6.16f, g 1.0 22.5 50 3 h 
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6.3.4 Influence of ACC Transition Rate on Morphology 
It has been reported that synthetic ACC is more stable at high pH values, which suggests that 
the degree of atomic ordering of ACC decreases with increasing pH, meaning that the 
transition will be more difficult.
3,31
 In our reaction system, the concentration and volume of 
NH3.H2O affected the structure of final products by influencing the rate of the transition from 
ACC to crystalline phase, including the film and the coiled structures. Since the concentration 
of NH3.H2O also influenced the growth rate of ACC films and coiled structures, the final 
structures were determined by the growth rate and the transition rate together. Moreover, 
besides NH3.H2O, it can be easily understood that the volume of CO2 can also influence the 
final structure. The scenarios can be divided into several groups, which are shown in Figure 
6.17 and the preparative parameters are listed in Table 6.3. When the transition rate of ACC 
film substrate was slower than that of the coiled structure, smooth ACC film with crystalline 
coiled structures could be formed. As shown in Figure 6.17 (a), the ACC transition rate of the 
knots was so quick that even coiled structure had not completely formed. When the transition 
rate of coiled structure was slower, which allowed a mature coiled structure to form, helical 
structures with crystalline “tails” could be formed, as shown in Figure 6.17 (b). If the volume 
of CO2 was sufficient and the transformation of the film was very slow, the “tail” part could 
grow very long, and CaCO3 fibers would be obtained, as shown in Figure 6.17 (c) and (d). 
When the transition rate was slow enough so that all CO2 had been consumed before the 
transition, coiled structures without crystalline tails could be obtained, which are shown in 
Figure 6.17 (e) and (f). In this case, the condition that should be satisfied is either slower 
transition or lesser CO2 volume. When the transition rate of ACC coiled structure was very 
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fast and the whole structure became crystalline quickly, crystal growth occurred on the whole 































Figure 6.17 (a) and (b) FESEM images of the coiled structure with crystalline tails; (c) and (d) 
SEM images of the fibrous structure; (e) FESEM image of the coiled structure without 
crystalline tails; (f) FESEM image of the thin coiled structure without crystalline tails; (g) and 




Table 6.3 Preparative parameters of the different coiled structures formation on smooth 
surface, influenced by ACC transition rate. 
 










Figure 6.17a, b 1.0 22.5 50 12 h 
Figure 6.17c, d 0.4 32 50 12 h 
Figure 6.17e 1.0 22.5 50 12 h 
Figure 6.17f 1.0 22.5 50 3 h 
Figure 6.17g, h 1.0 32 20 12 h 
 
 
The structures mentioned above all grew on smooth film substrates, which are the crystalline 
films that transited from ACC phase without enough time to become rough during the drying 
process. This means that the transition of the ACC film was slower than that of the coiled 
structures on the top of it. In contrast, when the transition of the ACC film to crystalline 
surface is fast, a rough film surface might be created. As shown in Figure 6.18, some crystals 
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are on such surfaces. Both coiled structures with or without crystalline tails have been 
discovered on the rough crystalline surface, as shown in Figure 6.18 (a), (b) and (c). In 
addition, both substrates and coiled structures could be covered with a rough crystalline layer, 
when the volume of CO2 was still sufficient after the transition of both substrates and coiled 
structures, which is shown in Figure 6.18 (d). When the concentration of NH3.H2O was very 
low, the transition of ACC film to crystalline film was much faster than the growth of coiled 
structures, hence coiled structures could not be formed, since there was no ACC phase to 
initiate the non-classical growth anymore, as shown in Figure 6.18 (e). On the contrary, when 
the concentration of NH3.H2O was very high, coiled structures were also difficult to find, 
since the ACC film was stable and easy to form, and all CO2 was consumed on the ACC film 
formation, which transited to crystalline phase at last, shown in Figure 6.18 (f). Films without 
coiled structures can also be explained by the fact that the supersaturation has already been 
out of the spinodal region, and the spinodal decomposition process could not occur. The 

























Figure 6.18 (a) and (b) SEM images of the coiled structure without crystalline tails growing 
on the rough substrate; (c) SEM image of the coiled structure with crystalline tails growing on 
the rough substrate; (d) FESEM image of the coiled structure with rough surfaces growing on 
the rough substrate; (e) SEM image of a crystalline surface without the coiled structure; (f) 





Table 6.4 Preparative parameters of the different coiled structures formation on rough surface, 
influenced by ACC transition rate. 
 










Figure 6.18a, b, c 1.0 32 50 4.5 h 
Figure 6.18d 1.0 32 50 16 h 
Figure 6.18e 0.15 32 50 12 h 
Figure 6.18f 1.5 32 50 16 h 
 
 




In conclusion, the asymmetric coiled structures of CaCO3 have been produced on the interface 
between oil and water through the transition of ACC to crystalline phase. The presence of 
ACC was confirmed by XRD tests, and the existence of liquid-like clusters has been 
demonstrated by the ethanol washing treatment. During the reaction, CO2 was diffused into 
the interface to react with Ca
2+ 
near the interface, leading to the formation of prenucleation 
clusters which attached to the calcium oleate layer. In this stage, the ACC films grew at high 
supersaturation. When the concentration of CO2 dropped down, ACC knots formed on the 
film, followed by the attachment of more clusters. According to spinodal decomposition 
theory, the growth was controlled by uphill diffusion. Since ACC was isotropic and the 
attachment was random, the obtained structure was asymmetric, which was caused by the 
different amounts of clusters attaching to the opposite sides of the asperities. After that, the 
structure grew in a coiling manner due to the different growth rates on the two opposite sides. 
The structure of ACC film and coiled structures could be tuned by varying the reaction time, 
the concentration of NH3.H2O, and the volume of CO2. Since there were no polymers or chiral 
molecules in the water solution besides CaCl2, NH3.H2O and a small amount of oleate ions, 
this study demonstrates that factors such as the assistance of complex molecules or the spatial 
confinement of growth are not necessary for the growth of crystals with complex shapes. The 
uphill diffusion of prenucleation clusters and the imbalanced growth through spinodal 
decomposition present another possibility for creating complex, asymmetric structures. It is 
the first time that a ACC worm-like complex morphology typical of spinodal decomposition 
has been observed, which provides direct evidence for non-classical crystallization and may 
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provide proper reference to such cases discovered in biological systems. 
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CHAPTER 7   
CONCLUSIONS AND RECOMMENDATIONS FOR 
FUTURE WORK 
7.1 Overall Conclusions 
In this thesis, various bio-inspired and biomimetic synthetic methods of calcium carbonate 
(CaCO3) have been developed, including protein-assisted approach, hydrothermal reaction, 
electrodeposition and interfacial crystal growth. Different, complex structures have been 
synthesized, and their formation mechanisms have been elucidated. In addition, some 
physical and chemical properties have been investigated, and potential applications have been 
discussed. According to the results and findings of this study, several conclusions can be 
drawn, as listed below: 
(i) We have devised a protein-assisted approach to prepare double-shelled CaCO3 
microcapsules into a structural analogue of bacterial microorganisms. The 
composition, structural evolution and reaction mechanisms of this artificial CaCO3 
product have been investigated, and this knowledge can be applied for the removal of 







Three mineralization modes, which are highly analogous to those known in 
biologically controlled mineralization, have been demonstrated respectively with this 
biomimetic material. Our preliminary investigation on its cytotoxicity with the MTT 
assay protocol indicates that these CaCO3 microcapsules may be workable for 
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specifically detoxifying heavy metal ions from human body apart from being a 
calcium supplement source. With further investigation, therefore, these 
double-shelled CaCO3 microcapsules may provide an additional new functionality 
(i.e., detoxifying heavy metal ions) for commercial calcium pills as well as for the 
development of intelligent nanostructured adsorbents.   
(ii) For the first time, a facile chemical method to synthesize single-crystalline CaCO3 
nanotablets in large quantities have been devised, which provides genuine primary 
building blocks for the construction of nacreous inorganic-organic hybrids. Using an 
effective vacuum evaporation-induced self-assembly method, films and monoliths 
with tunable composition and mechanical properties have been fabricated. Moreover, 
mechanical property tests showed that the nacre-like structure led to high 
performances of the film in mechanical properties. The strength enhancement mode, 
which is called polymer crack-bridging, has been demonstrated not only in the tensile 
test but also by direct observation. This is the first time, which we are aware of, that 
the polymer bridges in a synthetic nacreous film system have been observed. The 
preparation method for these strong, tough and flexible films is simple, fast and 
controllable, and may be applied in some areas potentially, such as biocompatible 
coatings or medical implantation. 
(iii) We have built a system to simulate the ACC deposition and resorption process taking 
place near the cuticles of isopods during their molting period. The system includes 
Ca-containing substrate and ACC hemispheres growing on the top of it. Hydrophilic 
PAA/Ca(OH)2 substrates with vertically staggered thin sheets superstructures have 
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been produced by electrodeposition techniques. Utilizing the special surface 
morphology, composition and hydrophilic property of the substrate, ACC 
hemispheres have been produced supported by this Ca-containing substrate. 
Changing the reaction temperature during ACC formation caused the morphology of 
ACC to transit from plates to hemispheres then to spheres. Moreover, degradation 
process has been investigated as well, which looks similar to the resorption process 
happening in biological systems. A good system has been built to simulate the 
biomineralization process of the coexistence of ACC and other Ca-related crystals, 
separated by organic layers or membranes in some bio-systems, such as the parts of 
some isopods or skeletal tissues. 
(iv) Asymmetric coiled structures of CaCO3 have been formed on the interface between 
oil and water via the pathway of transition from ACC to crystalline phase. The 
presence of ACC has been confirmed, and the liquid-like clusters have been 
demonstrated by various testing. The growth mechanisms have been discussed and 
demonstrated based on spinodal decomposition theory, when the growth of ACC is 
controlled by uphill diffusion. The structure of the ACC film and spiral coils could be 
tuned by varying the reaction time, the concentration of NH3.H2O, and the volume of 
CO2. Since there were no polymers or chiral molecules in the water solution, this 
study has demonstrated that the assistance of complex molecules or having a confined 
space for crystal growth is not necessary to produce crystals with complex shapes. 
The uphill diffusion of clusters and the imbalanced growth through spinodal 
decomposition is another possibility for creating complex, asymmetric structures. 
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This is the first time that a worm-like ACC complex morphology typical of spinodal 
decomposition has been observed, which provides direct evidence for non-classical 
crystallization and may provide a suitable reference to such cases discovered in 
biological sytems. 
7.2 Recommendations for Future Work 
According to the findings mentioned in this thesis, CaCO3 is an attractive research object due 
to its endless variety of morphologies, special non-classical crystallization pathway and its 
great importance for the biomineralization field. Based on our research, future work is 
suggested in the following:  
(i) CaCO3 with different morphologies have been widely investigated, with the 
assistance of different surfactants, inorganic ions, macromolecules and proteins. 
However, some controlling mechanisms are not totally clear. For example, in chapter 
3, it has been reported that the non-spherical morphology is due to the oriented 
attachment of CaCO3 nanoparticles at the very beginning of the formation, but the 
role of gelatin at this stage was not further investigated. In addition, the stabilization 
roles of some additives in CaCO3 metastable phases should be further studied. For 
example, it has been reported that, with the assistance of gelatin, stable single vaterite 
CaCO3 could be synthesized,
1
 but in this system, the same proteins were used but the 
vaterite phase was only stabilized for a few hours. Such uncertain phenomena are 
numerous and so much more work related to the controlled crystallization of CaCO3 
needs to be done, including the controlling effect of different additives, in situ growth 
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process observations and mechanism demonstrations. 
(ii) Some components or reactants in the experiment can be varied to obtain different 
structures or better properties. For example, in this thesis, some uniform units have 
been produced, such as CaCO3 single-crystalline nanotablets, which can be used as 
the building blocks for assembly. In our experiment, gelatin was used as glue or 
mortar to combine nanotablets together by physical adsorption. In this topic, other 
materials can be used as the glue to improve the mechanical properties of the artificial 
nacre. For example, some macromolecules with positive charge can adsorb onto the 
surface of the CaCO3 building blocks, and the binding strength of them should be 
much higher than that of gelatin and nanotablets, since there is a layer of Cl
-
 on the 
surface of nanotablets. In addition, the glues will be stronger if the glue molecules 
connect to each other by chemical bonding or hydrogen bonding. Besides the glue 
layer, the inorganic building blocks may also be tuned to achieve better performance, 
since the thickness and roughness could be controlled according to the thesis. 
(iii) In this thesis, some growth mechanisms of complex structures have been 
demonstrated by principles, theories and indirect experimental evidences, but there 
have not been many direct evidences due to the limitations of time and instruments. 
For example, the different stages of crystal growth have been observed by TEM and 
FESEM or tested by XRD, the samples for which were drawn from the reacting 
solution and dried for the observation and testing. However, this process took a period 
of time, during which the phase transition might have occurred and influenced the 
results. For the TEM observation, especially HRTEM and SAED testing, the radiation 
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from electron beam may also change the phase or the structures, which is difficult to 
avoid. In addition, the drying process may damage the structures of hydrated samples, 
especially for the ACC phases. To overcome these problems, more advanced 
instruments need to be used, and different sample preparation process needs to be 
developed. Cryogenic-transmission electron microscopy (Cryo-TEM) can be used for 
the in situ imaging of hydrated specimens.
2
 Samples are plunge-frozen into a suitable 
cryogen, for example, liquid ethane at -183
o
C and a thin layer of vitreous ice with the 
sample can be obtained. Some outstanding work has been reported, and Cryo-TEM 
has played an essential role in the investigation.
3-6
 If this tool can be used in further 
investigations, more accurate data can be obtained, which will be extraordinarily 
helpful for the growth mechanism demonstrations.  
(iv) In this thesis, some applications of CaCO3 have been developed or discussed 
according to the properties and morphologies of specific structures. However, much 
more work needs to be completed. Take the double-shelled CaCO3 microcapsules in 
chapter 3 for instance, their nontoxicity has been verified by cytotoxicity tests, and 
their potential application as a combination of detoxifying agent and calcium 
supplement for humans has been recommended; however, many tests still need to be 
done before these raw materials become commodities, like tissue response tests. In 
addition to the further improvement of traditional applications, novel applications 
may also be developed. For example, the artificial nacre layers in chapter 4 may be 
used for biomedical applications, as bone repair materials and biocompatible coatings 
due to their nontoxicity and good mechanical properties. They also can be used as 
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drug carriers, and the release rate can be controlled due to the layer-by-layer 
structures. Smart drug carriers can be produced, by combining the CaCO3 nanotablet 
building blocks, biopolymers such as peptides, proteins or DNA and drugs. The layers 
may be able to be dissolved or degraded at a certain rate, and the drug can be released 
gradually. Such applications of the different structures of CaCO3 may be developed 
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